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A impressão molecular tem sido reconhecida como uma das metodologias mais 
promissoras para a preparação de materiais poliméricos com capacidade de 
reconhecimento específico para os moldes de impressão, que vão desde pequenas 
moléculas orgânicas até células inteiras. Essa "memória" molecular pode, entre outros 
sistemas, ser criado em redes sol-gel (híbrido orgânico-inorgânico) e polímeros acrílicos. 
Estes últimos teem sido extensivamente investigados enquanto as impressões em sol-
gel são menos frequentemente relatadas. No entanto, uma comparação sistemática, 
realizada no mesmo laboratório,entre as duas abordagens diferentes estava ainda por 
fazer. 
 
Essa comparação, constituiu o principal objetivo do presente trabalho. Materiais de 
impressão em sol-gel e em acrílico foram preparados em dois formatos diferentes 
(monólito e esférico) para duas moléculas pertencentes a duas classes diferentes de 
fármacos, o naproxeno (ácido) e a aminoglutetimida (base), através de uma abordagem 
de impressão não-covalente. 
 
Monómeros funcionais apropriados foram sintetizados, visando a possibilidade de 
formar fortes complexos monómero-molde (MT), um requisito necessário a priori para a 
obtenção de matrizes com boa qualidade de impressão. A formação dos complexos não 
covalentes intermoleculares em sistemas de pré-polimerização foi confirmada por 
espectroscopia de UV e de RMN. 
 
Os materiais de impressão em monólito acrílico foram sintetizados por polimerização 
radicalar clássica enquanto que o formato esférico foi produzido por um novo processo 
de enxerto (grafting) e polimerização controlada com agente RAFT. No caso do sol-gel 
os monólito foram preparados pelo processo típico de hidrólise e  condensação na 
presença de ácido / base como catalisador. Na obtenção de um formato esférico de sol-
gel,foi seguida uma técnica de enchimento de poros de sílica esférica. A fim de avaliar o 




seguindo o mesmo protocolo, mas omitindo-se o molde. Os materiais foram 
subsequentemente caracterizados por BET e TGA, a fim de obter os detalhes dos poros 
e propriedades térmicas, e SEM foi utilizado para investigar a textura da superfície. 
 
Uma investigação extensiva foi então realizada por cromatografia líquida, tendo-se para 
isso empacotado os materiais em pequenas colunas, avaliando-se os parâmetros de 
desempenho, tais como o factor de impressão e seletividade.Para determinar as 
propriedades de ligação e parâmetros relacionados com a eficiência cromatográfica, 
utilizou-se o método rigoroso da análise frontal. 
 
Da comparação global sistemática dos diferentes parâmetros estudados, chegou-seà 
conclusão de que os materiais de impressão acrílica com naproxeno, especialmente no 
formato de filme fino (MIP-GS-NAP) em partículas esféricas, exibiram características 
melhores quando comparados com os materiais sol-gel. Para a aminoglutetimida, de 
novo, as impressões de acrílico demonstraram um desempenho superior para os 
parâmetros mais importantes, ou seja, capacidade, seletividade e cinética de 
transferência de massa. Notavelmente, o formato esférico de paredes finas (MIP-GS-
AGT), mais uma vez, mostrou vantagens (concretamente maior seletividade e mais 
rápida transferência de massa) sobre o formato monólito acrílico, e portanto, essa 










Molecular imprinting has been recognized as one of the most promising methodologies 
for the preparation of intelligent polymer materials with specific recognition capacities for 
the template molecules, ranging from small organic molecules to whole cells. Such 
molecular “memory” can, among other systems, be created in sol-gel (organic-inorganic 
hybrid) networks and acrylic (organic) polymers. The latter has been extensively 
investigated while the sol-gel imprints are also frequently reported. Nevertheless, a 
systematic, within lab, comparison between two different approaches is lacking.  
 
That systematic comparison of the two different approaches, constituted the main goal of 
the present work. Sol-gel and acrylic imprints were prepared in two different formats 
(bulk and spherical) for two different classes of pharmaceutical drugs-naproxen (acidic) 
and aminoglutethimide (basic) by non-covalent imprinting approach. 
 
Appropriate functional monomers were synthesized, envisaging the possibility of forming 
strong monomer-template (M-T) complexes, an a priori requisite for obtaining good 
quality imprinted matrixes. The formation of non-covalent intermolecular M-T complexes 
in pre-polymerization systems was confirmed by UV and NMR spectroscopy 
experiments. 
 
Acrylic bulk imprints were synthesized by classic radical polymerization whereas the 
spherical format was produced by novel controlled grafting process using RAFT agent. 
On the other hand, sol-gel bulk imprints were prepared by typical hydrolysis and 
condensation process in presence of acidic/basic catalyst. In obtaining a spherical format 
sol-gel imprints a pore filling technique was followed. In order to evaluate the imprinting 
behavior, corresponding non-imprinted materials were synthesized following the same 
protocol but omitting the template. Synthesized imprints/non-imprints were subsequently 
characterized by BET and TGA in order to obtain pore and thermal properties details, 
and SEM was used to investigate the surface texture of the materials. 
 
Further, an extensive chromatographic investigation was conducted by packing the 




chromatographic performance parameters such as imprinting factor and selectivity.  
The accurate method of frontal analysis experiment was carried out to get binding 
properties and column efficiency determining parameters. 
 
The results obtained were compared systematically and the overall comparison of the 
different parameters studied finally gave a conclusion that the acrylic naproxen-imprints, 
especially in the thin-walled (MIP-G-S-NAP) spherical format, exhibited better features 
when compared to sol-gel naproxen-imprints. For the template aminoglutethimide, again, 
the acrylic imprints exhibited superior performance for the most important parameters, 
namely selectivity, capacity and mass transfer rate. Most noticeably, the thin-walled 
(MIP-G-S-AGT) spherical format, once more, has shown advantages (specifically higher 
selectivity and faster mass transfer) over the bulk acrylic format, and therefore a trend 
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1.1  Molecular Recognition in Nature  
 
Molecular recognition can be envisaged as the preferential binding of a molecule to a 
receptor with high selectivity over its close structural analogues. Such discrimination 
between molecules is called “molecular recognition” and is one of the essential keys to 
the existence of living things. There are many cells and molecules in our body, and all of 
them are co-operatively working in an enormously ordered fashion. Without such mutual 
understanding and cooperation between these cells, we cannot survive. Thus, molecular 
recognition is essential for the existence of life. For example, the receptors on the 
surface of cell membranes bind hormones and are responsible for cell-to-cell 
communication. When the receptor binds a hormone, its conformation is changed and 
the message of the hormone is passed to the cell in terms of this conformational change. 
When that cell knows what is required in the body at that moment, it promotes (or 
suppresses) the corresponding bioreaction(s) to respond to this requirement 




Figure 1.1: Molecular recognition example : NK T cell provide cognate help for B cell [1] Reproduced with permission. 
Copyright ©2008.Proceedings of the National Academy of Sciences of the United States of America, Washington, USA. 
 
The most important thing in these systems is that one receptor accepts only one specific 




receptor/hormone interaction is enormously strong. Thus, even a small amount of 
hormone can correctly deliver its information to the target cell without information 
crosstalk between cells.[2] On the other hand, selective guest binding by antibodies is 
essential for our immune response. These proteins patrol around in our body like 
policemen, arrest a foreign substance (antigen) when it enters the body, and take it to a 
lysosome (a cell organelle) where the antigen is destroyed. Our body is successfully 
protected. As would be expected, the differentiation by an antibody between the target 
antigen and the others (and also between foreign substances and the intrinsic ones in 
our body) must be rigorously strict.[3]  
 
1.2  Artificial Receptors 
 
The elegance of molecular recognition in nature has been spurring many scientists to 
mimic it. One of the greatest advantages of artificial receptors over naturally occurring 
ones is freedom of molecular design. Their frameworks are never restricted to proteins, 
and a variety of skeletons (e.g., carbon chains and fused aromatic rings) can be used. 
Thus, the stability, flexibility, and other properties are freely modulated according to the 
need. Even functional groups that are not found in nature can be employed in these 
man-made compounds. Furthermore, when necessary, the activity to respond towards 
outer stimuli (photo-irradiation, pH change, electric field, and others) can be provided by 
using appropriate functional groups. The spectrum of functions is far wider than that of 
naturally occurring ones.  
 
Pioneering works by Cram, Lehn, and Pedersen (Nobel Prize winners in 1987) 
established that the following factors are necessary for accurate molecular recognition.[4]  
 
 Functional residues of guest and receptor must be complementary to each other. 
 Conformational freedom of both components should be minimized. 
 Chemical circumstances should be appropriately regulated. 
 
In principle, good receptors can be successfully synthesized, provided  
 
 we are not concerned about cost and time for preparation,  
 our target guest is fairly small, and 






However, these conditions are hardly ever fulfilled, making the molecular imprinting 
method, presented next, significant and attractive. 
 
1.3  Historic Perspective of Molecular Imprinting 
 
The history of molecular imprinting is traced back to the work by Polyakov on imprinted 
silica gel in the early 1930s[5]. Polyakov ﬁrst reported that the silica pore structure was 
inﬂuenced by the presence of benzene, toluene or xylene during the drying process. The 
extent of silica gel adsorption of the different solvent vapors was dependent upon the 
structure of the solvent present during the drying process. Selectivity was suggested to 
arise from changes in the silica structure induced by the presence of the particular 
solvent. Since this pioneering work on molecular imprinting, different oxides (silicas and 
mixed metal oxides) have been imprinted in an attempt to prepare speciﬁc adsorbents, 
catalysts and separation media. In 1942 Pauling and Campbell[6] reported the 
preparation of artiﬁcial antibodies using antigen molecules as templates. In the 1950s a 
very similar methodology was used in the experiments of Dickey,[2, 7] who was inspired to 
create affinity for dye (methyl orange) molecules in silica gel by Linus Pauling’s theory of 
how antibodies are formed. Dickey’s 1949 publication appears to be the ﬁrst documented 
demonstration of nanostructured silica gels[2,7] which, after dye extraction, adsorbed 
methyl orange better than a blank gel. Much later, investigations of imprinted silicas 
started a new, and after the 1970s imprinted sol-gel materials have been produced and 
applied as adsorbents, separation media, catalysts and, more recently, as sensing 
phases.[8]  
 
On the other hand, imprinting in organic polymers first appeared in the 1970s. Wulff and 
his coworkers reported the first covalent imprinting in 1977.[2] They synthesized 2:1 
covalent conjugate of p-vinylbenzeneboronic acid with 4-nitrophenyl-α-D-
mannopyranoside (the template), and copolymerized this conjugate with methyl 
methacrylate and ethylene dimethacrylate (a crosslinking monomer). After the 
polymerization, the boronic acid ester in the polymer was cleaved, and the 4-nitrophenyl-
α-D-mannopyranoside was removed. Exactly as desired, the resultant polymer strongly 
and selectively bound this sugar. The mutual conformation of the two boronic acid 
groups in the covalent conjugate was frozen in the polymer, and the structure of the 




group of a template and the 1,3-diol group in a functional monomer, and used this 
covalent conjugate for molecular imprinting.[9]  
 
Non-covalent imprinting in the form we know today was introduced about a decade later 
by Mosbach and his coworkers.[10] They showed that covalent linkages between 
functional monomer and template are not necessarily required for molecular imprinting, 
and even non-covalent interactions between them work sufficiently.[11, 12] Simply by 
mixing them in reaction mixtures, their non-covalent adducts were spontaneously 
formed, and satisfactory imprinting effects were obtained. In the imprinting of methacrylic 
acid with theophylline (a drug), for example, a non-covalent monomer-template adduct 
was formed through hydrogen bonding and electrostatic interaction. The same strategy 
was successful for the imprinting with various drugs, insecticides, and other practically 
important chemicals. Many experimental workers were surprised to see that the methods 
are so simple while the imprinting effects are so remarkable. 
 
They were soon persuaded that this method is satisfactorily applicable to a wide range of 
molecules and started to use it in their own laboratories. [10] 
 
Today’s concept of molecular imprinting has been widely recognized as the most 
promising methodology for the preparation of different tailor-made materials with 
selective adsorption.  
 
1.4  Antibody versus MIPs 
 
Compared to their biological counterparts, MIPs show several advantages as selective 
recognition elements (Table 1.1). In principle, they can be produced for the recognition of 
any compound with a predictable specificity (only limited by non-specific interactions) 
and their production do not involve testing on animals. Hence, they are more socially 
accepted than antibodies.[13] Listing out the advantages, 
 MIPs, due to their highly cross-linked polymer nature, they are intrinsically more 
stable (chemically and physically) and robust than antibodies, which facilitates 
their application in harsh environments such as in the presence of strong acids 





 MIPs are cheap and easy to synthesize and can be stored during long periods of 
time in a dry media, at room temperature without losing their recognition 
properties. 
 In general, MIP production is fast and cheap and the material can be reused 
many times. 
 The synthesis of these polymers is fully compatible with lab-on-a-chip and 
nanotechnology. Recently, a great effort has been focused on the imprinting of 
proteins although the developments in this area are considerably slower in 
comparison to the preparation of MIPs selective to small molecules. The poor 
solubility of the template in organic solvents along with the relative instability of 
the three-dimensional conformations, among other problems, has limited the 
availability of protein-selectivity. 
 MIPs, however, is a very challenging and promising field with applications not 
only in sensor development but also in medicine, diagnostics, proteomics, 
environmental analysis and drug delivery. 
 
Table 1.1: Comparative features of Antibodies and MIPs. [13] Reproduced with permission. Copyright © 2008. Bentham 
Science Publishers, Sharjah, U.A.E. 




The use of monoclonal antibodies 
yields highly selective binding sites 
Polyclonality. Non-covalent MIPs 
have heterogeneous binding sites 
Preparation Complicated manufacturing and 
handling 
Simple and easily prepared 
Affinity High affinity to the target(s) Synthesis conditions may 
compromise final affinity 
Cost Expensive biosynthesis but cost 
effective 
Cheap 
Stability Non-usable in harsh environments. 
Limited stability onto a transducer 
surface 
Robust and resistance towards 
various chemical and physical 
degrading factors 
Storage Several days at room temperature. 
Loss of performance after repeated 
freezing/thawing cycles 
Several years without loss of 
performance 
Solvent Optimal performance in aqueous 
solutions. Poor performance and 
denaturalization in organic media 
Limited water compatibility. 






1.5 The Basic Strategy of Molecularly Imprinted Polymers 
(MIPs) 
 
Molecular imprinting is a fascinating area, not only to researchers already in the field but 
also to those not working in the field. For those researchers passionately committed to 
molecular imprinting, the science is fresh, exciting, and challenging. The preparation of 
MIPs typically involves three stages as schematically represented in Figure 1.2. 
 
Figure 1.2: Schematic representation of Molecular Imprinting 
 
In the first stage, a mixture of functional monomers and template molecule is prepared. 
The so-called pre-assembling, i.e., the formation of a molecular pre-polymerization 
complex between the monomer and the template molecule takes place. In the second 
stage, polymerization of pre-polymerization complexes with a large excess of a cross-
linking agent results in the formation of a polymeric matrix that contains areas with 
functional groups arranged in positions determined by the template molecules. The third 
stage consists of removal of the template molecule resulting in the generation of three 
dimensional cavities that, in ideal, should match the template molecule in their size, 
shape and the arrangement of functional groups.[14, 15] Eventually, one creates a 





It can be expected that the synthesized material will exhibit high specificity with respect 
to template molecules. In nature, such specificity is typical of antibodies; that is why the 
materials prepared by molecular imprinting are often referred to as “antibody mimics”. 
 
1.6 MIP preparative approaches 
 
Depending on the type of interactions of pre-polymerization complexes i.e., between a 
functional monomer and a template molecule, the methods of synthesis of materials 
capable of molecular recognition are conventionally divided into three distinct 
approaches (Figure 1.3) viz. covalent, non- covalent and semi- covalent (sacrificial 












Figure 1.4:Highly schematic representation of the molecular imprinting process: The formation of reversible interactions between the template and polymerizable functionality may involve one 
or more of the following interactions[17]: Reproduced with permission. Copyright ©2006.John Wiley and Sons. 
[(A) reversible covalent bond(s), (B) covalently attached polymerizable binding groups that are activated for non-covalent interaction by template cleavage, (C) electrostatic interactions, (D) 






1.6.1 Covalent Imprinting 
 
The covalent imprinting was pioneered by Wulff and coworkers.[18] In covalent imprinting, 
reversible covalent bonds are maintained between the template and the functional 
monomers during the polymerization and rebinding. In principle, this approach should 
lead to homogeneous binding sites, given the fact that the template-functional monomer 
complex is kept intact during the polymerization reaction. 
However, removal of the chemically bonded template from highly cross-linked polymer 
matrix is not a trivial task, and the re-binding process is normally slow due to the 
necessary formation of the covalent bonds between the target compound and the MIP. 
Finally, this method requires prior derivatization of the template, and is often difficult to 
carry out except for those who are experienced in organic synthesis [19-22] and hence it is 
not widely used due to the relative complexity of the procedure.[23] 
 
1.6.2  Non-covalent Imprinting 
 
Non- covalent imprinting was established by Mosbach.[24] In this technique, template 
molecules are fixed within the polymeric matrix by non-covalent interactions such as 
hydrogen bond, ionic interactions, - interactions, hydrophobic interactions and van der 
Waals forces (Figure 1.5) with the functional groups of the monomers. Following removal 
of the template, which is usually carried out by solvent extraction, regions emerge in 
which functional groups are arranged complementary with respect to the functional 











Figure 1.5: Fundamental non-covalent interactions in polymer matrices[25]. Reproduced with permission. Copyright ©2009. 
Elsevier Limited. 
(a) in polar solvents, hydrophobic interaction dominates 
(b) in non-polar solvent, Van de Waals is especially relevant 
        (c)    Electrostatic interaction 
       (d)    Hydrogen bonds  
 
1.6.3   Semi covalent or Sacrificial Spacer Approach 
 
Whitcombe et al.,[26] proposed a new approach that combined the advantages of both 
covalent and non-covalent imprinting called hybrid molecular imprinting strategy. In this 
hybrid strategy, target molecule is imprinted as a stable complex with the functional 
monomers formed via covalent interactions, whereas upon later use of the MIP, only 
non-covalent interactions come into play. i.e., hybrid method involves covalent imprinting 
with non-covalent rebinding.  
 
In this technique, a linker group was used between the template and the functional 
monomer to prevent steric crowding in the non-covalent rebinding step. This linker is 
known as “sacrificial spacer” and is lost upon template removal. In the work by 
Whitcombe et al.,[26] cholesterol was esterified with 4-vinylphenol to give a 4-vinylphenyl 
carbonate ester (Figure 1.6). The mixture was polymerized in the presence of an excess 
cross-linker, and after cleaving of the carbonate-bond, the template was released along 
with a small sacrificial molecule, i.e., carbonic acid (Figure 1.6). 
 
The binding site bore a phenolic residue that could interact specifically through non-
covalent interactions with the hydroxyl group of cholesterol. The use of a sacrificial 








Figure 1.6:The “sacrificial spacer” approach.[26] Reproduced with permission. Copyright ©1995American Chemiscal 
Society. 
 
An advantage of the semi-covalent imprinting approach is the compatibility with a wide 
range of polymerization conditions which has allowed its application in the synthesis of 
imprinted emulsions, dendrimers and ring-opening metathesis polymers. In contrast to 
the semi-covalent approach, the covalent approach requires some level of synthetic 
chemistry to be carried out on the template before polymerization and a chemical 
treatment on the polymer for template releasing. Apart from that, it is also restricted to a 
small number of functional groups. 
 
1.7   Advantages and Limitations of Covalent and Non-  
Covalent Approaches 
 
In general, non-covalent imprinting is easier to achieve and applicable to a wider 
spectrum of templates. With respect to the strictness of imprinting, however, covalent 
imprinting is usually superior. Table 1.2 presents the summary of advantages and 








Table 1.2: Advantages and disadvantages of covalent and non-covalent imprinting.[2] Reproduced with permission. 
Copyright ©2003.  Wiley-VCH Verleg GmbH & Co. KGaA. 
 Covalent Non-covalent 
Synthesis of monomer-template conjugate  Necessary Unnecessary 
Polymerization condition  Wide variety Restricted 
Removal of template after polymerization  Difficult Easy 
Guest binding and guest release  Slow Fast 






 Monomer-template conjugates are stable and stoichiometric, and thus the 
molecular imprinting processes (as well as the structure of guest-binding 
sites in the polymer) are relatively clear-cut. 
 A wide variety of polymerization conditions (e.g., high temperature, high or 
low pH, and highly polar solvent) can be employed, since the conjugates 




 Synthesis of the monomer-template conjugate is often troublesome and 
less economical. 
 The number of reversible covalent linkages available is limited. 
 The imprinting effect is in some case diminished in step 3 (cleavage of 
covalent linkages), which requires rather severe conditions. 
 Guest binding and guest release are slow, since they involve the 
formation and breakdown of a covalent linkage. 
 
Listings of covalent and non-covalent imprinting advantages and limitations  were reproduced under permission. Copyright 









 Synthesis of covalent monomer-template conjugates is not necessary. 
 Template is easily removed from the polymer under very mild conditions, 
since it is only weakly bound by non-covalent interactions. 
 Guest binding and guest release which take advantage of non-covalent 




 The imprinting process is less clear-cut (monomer-template adduct is 
labile and not strictly stoichiometric) 
 The polymerization conditions must be carefully chosen to maximize the 
formation of non-covalent adduct in the mixtures. 
 The functional monomers existing in large excess (in order to displace the 
equilibrium for adduct-formation) often provide nonspecific binding sites, 
diminishing the binding selectivity. 
 
Being relatively simple and universal, the non-covalent approach is used to date most 
widely among the methods of molecular imprinting. [14, 15] However, one should choose 
either of these two methods, depending on the need and situation (kind of the target 
guest compound, the guest selectivity required, the cost and time allowable for the 
preparation, and others). 
 
The experimental work carried out throughout this study focused on the non-covalent 
imprinting technique to create a recognition sites in the imprinted matrix. 
 
1.8  Application of Molecular Imprinting Technology 
 
Molecular imprinting is now a well-established method and one of the most promising 
technologies for the preparation of intelligent polymer materials with specific recognition 





(eg.,pharmaceuticals, pesticides, amino acids and peptides, nucleotide bases, steroids 
and sugars) to polypeptides[30] high molecular proteins[31] and even whole cells.[32] 
Molecular Imprinting Polymers (MIPs) are often stable to physical and chemical 
treatment, including high temperature, pressure, extreme pH, organic solvents and 
without remarkable decrease in the adsorption capacity for template molecules. These 
properties have made them extremely attractive for solving problems in the fields of 
preparative chemical separations and purification, sensors and biosensors, selective 
catalysis[33] and drug delivery. Figure 1.7 represents the application of molecular 
imprinting polymers in various fields. 
 
 
Figure 1.7: Distribution of application fields of polymers with molecular imprints[34].  
 
1.8.1  MIPs in Separation Techniques 
 
For analytical applications, imprinted polymers are attractive because these materials 
offer the combination of selectivity of interaction with target compounds, matrix 
robustness and ability to be produced in a variety of formats, such as beads, thin films or 
column packing each of which may be required for a particular analytical system. 
 
One of the most exciting applications of this imprinted functionalized material is its use 
as a sorbent for solid phase extraction (SPE).[35-39] Molecularly imprinted SPE (MISPE) 
has been successfully applied to the extraction and determination of target analytes in 















on extracting compounds from biological and environmental samples, while a small 










Figure 1.8: Percentage of MISPE applications in different real samples [40]  
 
Javanbakht and co-workers[41] have recently studied the extraction of important drugs 
from biological samples, such as plasma and urine. They followed a new water-
compatible methodology for determination of the analgesic tramadol from biological 
fluids, using MISPE as a sample clean-up technique combined with HPLC.[41] 
The increasing demand for optically pure compounds makes MIPs an exciting 
application especially to obtain the racemic resolution of drugs.[41-43] MIPs were 
frequently used as Chiral Stationary Phases (MIP-CSPs) in High Performance Liquid 
Chromatography (HPLC) to obtain enantiomeric resolutions of racemic solutions of 
different compounds [44] such as amino acid [31, 45, 46] and drugs.[47, 48] The first studies 
were made by Mosbach group and realized that a MIP sorbent used as stationary phase 
in liquid chromatography (LC), to separate amino acid derivatives.[46] Recently, 
Sellergren and co-workers prepared an acrylic polymer by non-covalent imprinting 
procedure for selective enantioseparation of D or L-phenylalanine ethyl esters to 
evaluate the enantio and substrate-selectivity for some aminoacid derivatives.[49] Yin and 
co-workers[50] reported studies on the enantioseparation of L-nateglinide by using MIP-
CSPs prepared with both bulk and monolithic polymerization process in the same 
chromatographic conditions. 
Published articles on the applications of imprinted materials in various fields such as 
MIPs in chemical sensors and biosensors, (51-60) in catalysis (61-66) and in drug delivery. (67-















1.9  Preparative Methods of MIPs 
 
Depending on the nature of functional monomers used in the synthesis of polymeric 
matrices, all materials capable of molecular recognition can be classified under organic 
and organic-inorganic hybrid (Figure 1.9) materials. 
             
Figure 1.9: MIP preparative methods 
 
1.9.1  Organic Polymers 
 
The synthesis of organic matrices with molecular imprints involves the use of organic 
functional monomers and cross linking agents containing C=C bonds. Mostly MIPs were 
derived from organic polymers synthesized from vinyl or acrylic monomers by radical 
polymerization and using non-covalent interactions. These monomers can be basic e.g., 
vinylpyridine or acidic e.g., methacrylic acid, permanently charged e.g. 3- 
acrylamidopropyltrimethylammonium chloride, hydrogen bonded e.g., acrylamide, 
hydrophobic like styrene or metal coordinating etc.[83]  
Few examples of different class of functional monomers and cross linkers used in the 















Acidic functional monomers 
 
                                 
methacrylic acid        4-vinylbenzoic acid  acrylic acid       2-(trifluoromethyl)-acrylic acid 
     (MAA) 
 
Basic functional monomers 
 
                               
4-vinylpyridine      2-vinylpyridine          1-vinylimidazole               allylamine         N-vinylpyrroline 
                                
1-uroconic ethyl ester                                     N,N'diethyl aminoethylmethacrylamide 
 
Neutral Functional Monomers 
 
                                            






                                                  




                 
  divinylbenzene              N,N'-methylene-bisacrylamide            ethyleneglycol di methacrylate 
          (EDMA) 
 
 
                                 
Trimethylolpropanetrimethacrylate                    PETRA (Pentaery- thritol triacrylate) 
 
Figure 1.10: Examples of organic polymerizable functional monomers and crosslinkers that can be used for the synthesis 
of acrylic MIPs  
 








1.9.2   Sol-Gel Organic- Inorganic Hybrids 
 
Sol-gel materials are inorganic (siloxane) based polymers formed by the acid/base 
catalyzed hydrolysis and condensation of a series of siloxane monomers. Inclusion of 
organically modified siloxane (ormosil) monomers results in the formation of organic-
inorganic hybrids, whereas inclusion of a template species results in the formation of 
imprinted media. Their synthesis is straightforward and the availability of a range of pure 
functional monomers makes their use in molecular imprinting attractive.[23]  
Few examples of sol-gel functional monomers used in imprinting process are presented 
in Figure 1.11. 
 
Sol-gel functional monomers 
 
                         
Tetramethoxysilane       3-aminopropyltriethoxysilane                 ureidopropyltriethoxysilane 
      (TMOS)   (APTES)    (UPTMOS) 
 
                                           
Ethyltriethoxysilane                    3-(triethoxysilyl)propanenitrile              phenyltrimethoxysilane 
Figure 1.11: Examples of sol-gel functional monomers and crosslinkers that can be used for the synthesis of molecularly 
imprinted xerogels. 
 








1.10    MIPs in Different Physical Formats 
 
MIPs can be prepared in a variety of physical forms, using different methods depending 
on their final application.[84, 85] Schematic illustration of different physical forms of MIPs is 




Figure 1.12: Schematic representation of MIPs in different physical forms 
 
The conventional approach is to synthesize MIPs in bulk, then grind the resulting 
polymer and successively sieve the particles into the desired range of sizes for specific 
application. Although the conventional imprinting protocol is simple and effective, there 
are at least several critical factors to obstruct the applications of molecularly imprinted 


















1.10.1 Limitations of Traditional Bulk Imprinted 
Polymer Materials[86] 
 
Limitations of using the bulk imprinted materials are listed below. 
 
 Despite being the widely used method,  crushing, grinding and sieving to obtain 
the appropriate particle sizes is tedious, time-consuming and results in the loss of 
substantial part of the material in the preparation process[87]. In addition, some 
interaction sites are destroyed during grinding, reducing MIP loading capacity 
and, since only a portion of the original polymer is used, this method suffers from 
high consumption of the template molecules. 
  Although this technique has led to highly selective materials for a multitude of 
analytes, such particles are not well suited as packing materials for HPLC or 
SPE. For example a high back pressure is usually observed. 
 Most of imprinted polymers are highly crosslinked bulky polymers with irregular 
shape. In spite of using a grinding process generally, the extraction of original 
templates located at the interior area of bulky materials is quite difficult because 
of the high crosslinking nature of imprinted materials, which reduces the capacity 
of rebinding target analytes.[88-90] 
 Furthermore, if the generated cavities are not at the surface or at the proximity of 
the material’s surface, the high resistance to mass transfer will still hinder target 
species from accessing the deep imprinted cavities, thus slowing the kinetics of 
target analyte binding.[91, 92], [93, 94] 
 In addition, the MIPs obtained under uncontrollable random polymerization/ sol-
gel hydrolysis and condensation always suffer from the heterogeneity of the 
imprinted sites in the formed polymer/xerogel matrix. [95, 96] One of main reasons 
is that of different monomers possessing different polymerizing abilities. 
 
Despite many drawbacks, most imprinting publications are still based on the use of this 
bulk polymerization method. The scarce control of the MIP physical form and difficulties 





In order to overcome these problems, alternative methods to prepare novel MIP formats, 
such as MIP spherical beads, membranes, in situ prepared monoliths, surface imprinting 
and molecularly imprinted monolayers have been developed in recent years.[84, 86] 
 
1.10.2 Various Ongoing Explorations on Novel 
Imprinting Strategies 
 
One of the attempts to address these problems have involved the use of well-established 
bead polymerization techniques either in two-phase systems by suspension 
polymerization[4] or from one-phase systems by precipitation polymerization.[97] 
Mosbach and Mayes[98] prepared spherical beads in liquid perfluorocarbon by 
suspension imprinting polymerization in the presence of a stabilizer and a surfactant. 
More recently Zourob et al.,[99] used a polycarbonate-based spiral microflow reactor, 
demonstrating that in mineral oil, which is less expensive than perfluorocarbon, it is not 
necessary to add any stabilizer or surfactant to produce monodisperse MIP beads.  
On the other hand, precipitation polymerization method allows the formation of imprinted 
beads with the same reaction mixture used in the bulk method except for the presence of 
a higher amount of porogen. Polymer chains will continue to grow, precipitating only 
when they become large enough to be insoluble in the reaction mixture. Then the 
polymer beads are easily recovered by washing and centrifugation operations. This 
technique is easy, less time consuming than bulk polymerization and provides regular 
beads in good yields.  
Mosbach et al., synthesized molecularly imprinted affinity sorbents against theophylline 
and 17β-estradiol via precipitation polymerization, a synthetic method that yields 
monodisperse, spherical polymer particles in the micron-scale range, quickly, cleanly 
and in good yield. The specific binding sites that are created during the imprinting 
process are analyzed via radioligand binding analysis. The molecularly imprinted 
microspheres are highly specific and have higher load capacities compared to the 
‘classical’ particles obtained by grinding the imprinted monolith.[100] MIP beads have also 
been prepared by emulsion polymerization.[101] Yoshida et al., prepared microspheres 
which are spherically well-defined particles by using water-in-oil-in-water (W/O/W) 





preparation of MIP beads by precipitation, suspension and emulsion polymerization 
methods often involve a complicated factor optimization when new templates are 
introduced and have not led to significant improvements in the molecular recognition or 
kinetic properties of the materials.[103] 
Other endeavors such as surface imprinting offer a potential solution to the above 
drawbacks, in which imprinted materials were prepared in an optimized form which 
control the templates to be situated at the surface or in the proximity of the materials 
surface.[58, 104-109] 
Mosbach[104] first reported the surface molecular imprinting strategy by covalent 
immobilization of template molecules at the surface of a solid substrate. After the 
imprinting polymerization and the removal of substrate, all of the templates were situated 
at the surface of imprinted materials, providing a complete removal of templates and an 
excellent accessibility to target species, and conformational flexibility of recognition.  
The approach is well suited for imprinting of proteins,[105] cells[58] and virus[108] 
immobilized onto a flat substrate, because the templates with larger sizes are more 
difficult to be removed in traditional MIPs. However, the surface area of the substrate is 
very limited, and accordingly the total number of the resultant recognition sites is always 
very small.  
Another similar alternative proposed by Sellergren[103, 110, 111] was to prepare the 
molecularly imprinted films by chemical immobilization of azo-initiators/chain-transfer 
agents at the surface of substrates, followed by initiating an imprinting polymerization 
reaction of organic monomers on substrate. Although the immobilization of initiators is 
often complex and chemically instable, the method should be adaptable to supports with 
different morphologies.  
On the other hand, Zimmerman[112, 113] developed a monomolecular dendritic imprinting 
strategy by polymerization of dendrimer with vinyl end groups. Each polymerizing 
dendrimer contains only one imprinted site after removal of the templates. 
Recently, the use of natural polymers (chitosan hydrogels) for preparing molecularly 
imprinted materials may also provide a potential solution to the above concerns [93, 94] 
.The types of gel-state materials, such as chitosan hydrogels, are formed with a lower 




monomers, and thus they are more flexible and have a greater conformational freedom 
of molecular recognition. 
An alternate approach was presented by Yilmaz et al.,[87] to obtain a spherical format. 
For example, MIPs have been prepared by filling support particles (usually derivatised 
with polymerizable groups on the surface) with a traditional imprinting mixture followed 
by polymerization.[114-117] 
Molecularly imprinted polymer membranes have attracted significant interest in present 
years. Porous free-standing molecularly imprinted polymer membranes were 
synthesized by the method of in situ polymerization using the principle of synthesis of 
interpenetrating polymer networks and tested in solid-phase extraction of triazine 
herbicides from aqueous solutions.[118] However, for separation purposes low membrane 
permeability was still the main obstacle for their application in separation processing. 
Yang et al.,[119] prepared molecularly imprinted nanotubes supported by a porous 
alumina membrane. The imprinted nanotubes could be used directly for the separation of 
biomolecules, without the removal of alumina support. 
Monolithic MIPs have also been prepared by a simple, one-step, in situ free-radical 
polymerization process directly within the confines of a chromatographic column without 
the need for grinding, sieving and column packing.[51] 
Molecularly imprinted monolayers have also been prepared for sensor applications. 
Lahav et al., produced recognition sites for a naphthacenequinone derivative in a thiol 
monolayer on gold electrodes through a photochemical imprinting method.[120] Piletsky 
and Turner developed a MIP sensor for domoic acid (DA) based on amino-substituted 
methacrylate crosslinked with ethylene glycol dimethacrylate with a direct photografting 
of their polymer onto a sensitive gold layer suitable for Surface Plasmon Resonance 
(SPR) detection.[121] 
Surface grafting of MIP layers onto preformed beads has also been proposed as a 
technique to obtain chromatography-grade imprinted polymers. In this method, thin 
imprinted layers have been used as coatings on chromatography-grade porous silica or 
spherical polymers using several techniques to retain the radical polymerization at the 





1.11    Problems and Challenges in Molecularly Imprinted  
Polymers[4] 
 
Compared with antibodies, enzymes or other biological receptors, molecularly imprinted 
materials possess inherent advantages viz. robustness, low cost and potential 
applicability. In spite of these advantages, molecularly imprinting technology still needs in 
many cases to overcome various limitations such as:  
  Binding site heterogeneity 
  Extensive nonspecific binding 
  Slow mass transfer 
  Bleeding of template 
  Low sample load capacity 
  Impractical manufacturing procedure 
  Poor recognition in aqueous systems 
  Swelling–shrinkage: may prevent solvent changes 
  Lack of recognition of a number of important compound classes 
  Preparative amounts of template required 
The most important of these factors will now be discussed in the following subsections. 
 
1.11.1 Binding Site Heterogeneity and Non-
specific Binding 
 
Although the imprinting concept may suggest a homogeneous binding site distribution, 
experimental work has demonstrated that a heterogeneous distribution is the most 








    Homogeneous         Heterogeneous 
 
Figure 1.13: Schematic illustrations of homogeneous and heterogeneous binding sites  
 
The degree of heterogeneity is of particular importance for MIP applications in separation 
techniques, is a main source of chromatographic peak asymmetry and peak tailing in the 
resulting chromatograms[124] (Figure 1.14). It is worth noting that this is one of the main 
drawbacks observed in MIPs for HPLC columns that limit its commercial application. 
Several reasons have been suggested for the heterogeneous binding sites in imprinted 
polymers.[4, 125] 
 In non-covalent imprinting, amorphous nature of the polymer contribute to the 
binding site heterogeneity. Some interaction sites are destroyed during 
grinding and crushing. Different binding sites with different affinities and 
different association constants are formed as a result of different ways in 
which different crosslinking degrees around the binding sites.[126, 127] 
 
 Heterogeneity can also be generated by the incompleteness of the monomer-
template association. If excess amounts of functional monomer are used, it 
shifts the equilibrium toward full formation of the [M-T] complex and most of 
the functional monomer are left free and are randomly oriented in the mixture. 
Assuming that successive [Mn -T] complex could be formed, characterized by 
successive formation of the imprinting sites complementary to the template, 
results in the creation of different affinity sites (Figure 1.15) the polymer 







Figure1.14: Illustrates binding heterogeneity on broadening flow injection and chromatographic peaks when using 
imprinted polymers as solid phase.[125] Reproduced with permission. Copyright ©2007. Elsevier Limited. 
 
 
Figure 1.15: Multiple imprinting in equilibrium process that form different types of binding sites.[15] Reproduced with 




 During the recognition process if two neighbouring sites are filled, the 
templates may interact to give n-mers or clusters when repeated interactions 
are produced (Figure 1.14).  
 The imprinted sites may shrink by the volume that was previously occupied by 
the template. Upon shrinkage, binding groups at the inner “fingerprint” surface 
approach towards each other thus modifying their spatial distribution (Figure 
1.14).  
Various methods have been applied to reduce the heterogeneity and non-specific 
interactions in MIPs, such as the optimization of the imprinting process, selective 
chemical modification of the surface[20] or preparing spherical and monodispersed beads. 
Experimental data suggested that using monodispersed beads as HPLC stationary 
phases, does not always allow better chromatographic performances. For instance, as 
mentioned earlier spherical beads were prepared by precipitation, suspension and 
emulsions polymerization techniques with a total pore volume lower compared to 
irregular particles obtained by bulk polymerization and it has been seen that the particle 
porosity of the beads strongly influence the chromatographic performance of these 
systems.[129] 
The use of non-covalent stoichiometric (functional monomer to template kept 1:1 ratio) or 
covalent imprinting mechanisms have been most successful methods[130] for reducing the 
heterogeneity and non-specific binding sites in MIPs.  
 
However, despite the rapid improvement of MIPs, binding site heterogeneity still remains 
an inherent property of MIPs. This is particularly true for the non-covalently imprinted 
polymers, which remains the most common class of MIPs because of their ease of 
preparation from commercially available monomers. 
 
1.11.2 Challenges of Facing Aqueous 
Environment  
 
Since biological recognition mainly occurs in aqueous systems, it is quite important to 
make MIPs capable of recognition in water in order to mimic biomolecules. Generally 
MIPs prepared by polymerizing in relatively non-polar organic solvent, exhibit better 
recognition properties than those prepared using a polar organic solvent.[131] The 





interference of water molecules. Non-covalent interactions (electrostatic, hydrogen and 
van der Waals bonds) between the template and functional monomers or functional 
oligomers or polymers may also become much weaker or even disappear in aqueous 
system.  Thus, it is of great importance to develop imprinted materials that can be used 
in aqueous environment.[132] 
Research is going on to overcome these limitations and the thrust is to find out new 
polymeric matrix for molecular imprinting that can be used for the environmental, 
biological and pharmaceutical applications. 
Imprinting of larger molecules like polypeptides and proteins is still a challenge requiring 
well-defined protocols. The hydrophobic nature and highly cross-linked structure of the 
polymer limits the access of the imprinting binding sites by larger proteins. The molecular 
imprinting of enzymes is also less practical, because of requirement of aqueous buffer 
for the biological activity of the enzymes.[83] Generally many attempts are to be made by 
changing various experimental parameters, before finding the optimum conditions. 
 
1.12   Organic versus Sol-gel Organic-Inorganic Hybrid 
 
The vast majority of MIPs are based on the use of organic acrylate type polymers. A 
standard recipe using a methacrylate monomer, having a nearly optimal ratio of the 
template species to the functional monomer and crosslinker, is described in numerous 
works [4, 15, 33, 46, 55, 80, 123, 127, 128, 133-136] 
The broad applicability of methacrylic acid (MAA) as a functional monomer is related to 
the fact that the carboxylic acid group served well as a hydrogen bond and proton donor 
as well as a hydrogen bond acceptor.[137] In aprotic solvents such as in acetonitrile, 
carboxylic acids and amine (bases) form hydrogen bonded assemblies where the 
association strength for a given acid increases with the basicity of the base.[138] Thus 
templates containing Brønsted-basic or hydrogen-bonding functional groups are 
potentially suitable templates for the MAA/EDMA (methacrylic acid/Ethyleneglycol 
dimethacrylate) system.[128, 139] Furthermore, more stable cyclic hydrogen bonds can be 





A severe limitation of organic type of imprinting is the requirement for an organic solvent 
in which all species are soluble. Template molecules that are only soluble in aqueous 
phase are generally not amenable to imprinting in such a manner. This presents obvious 
drawbacks for their use in environmental and biological applications. 
The silica sol-gel synthesis is straightforward and imprinted sol-gels possess numerous 
significant advantages over MIPs, namely, silica based materials are extremely rigid due 
to the high degree of cross-linking found in the (SiO2)n network. This property is very 
important in the design and synthesis of imprinted materials since both the size and 
shape of the cavities created by the template must be retained after the removal of the 
template. High thermal stability of sol-gel derived material provides an easy way to 
remove imprint molecule using high temperature such as in calcinations method.[3] 
Furthermore, though the sol-gel xerogels chain is entirely inorganic, with alternating Si 
and O atoms, organic side groups are attached to the silicon atoms. Many applications of 
polysiloxanes were derived from the extraordinary flexibility of the siloxane backbone. 
The Si–O bond is significantly longer than the C–C bond, the oxygen atoms are 
unencumbered by side groups, and the Si–O–Si bond angle of 143º is much more open 
than the usual tetrahedral angle of 110º (Figure 1.16). These combined structural 
features increase the dynamic and equilibrium flexibility of the chain. In addition, sol-gel 
glasses are structurally porous and can be engineered to have extremely high surface 
area (200–2000 m2/g). These properties make silica sol-gel matrix as an imprinting 
host.[142] 
 
             
 
Figure1.16: Structure representations of C-C and Si-O network in imprinted matrices 
 
The selection and type of precursor plays an important role in achieving selectivity in the 
resulting sol-gel MIPs.[29] Sol-gel method also provides an efficient way for preparing 
hybrid matrix by incorporating organic components into inorganic polymers under mild 
thermal conditions and controlling the thickness, porosity and surface area as well as 
selectivity and sensitivity in case of thin films.  
 
The ease of preparation of sol-gels coupled with their compatibility with polar 





derived materials have a combination of properties which can hardly be achieved by 
other materials. 
 
It should be remarked that some of the above mentioned advantages of sol-gel are not 
applicable to the hybrid organic-inorganic approach employed in the present work. For 
example, the thermal stability greatly drops with the inclusion of organic groups into the 
network.  
 
Finally, the comparative merits and demerits of the above two different approaches 
(Acrylic and Sol-gel) were gathered from the various studies in the past, and  is charted 
out in Figure 1.17.  
 
 
Figure 1.17: Schematic illustration of merits and demerits of acrylic and sol-gel methods. 
 
1.13    Within lab Acrylic Vs. Sol-Gel comparison 
 
A minimal number of published articles[23, 29] regarding the comparison of the two routes 
of acrylic and sol-gel systems can be found.  
Cummins et al.,[23] compared the bulk acrylic and sol-gel systems for the imprinting of 2-
aminopyridine. In their work they replicated the acrylic based polymer synthesized by 







functional monomers such as phenyltrimethoxysilane (PTMOS) and 
aminopropyltrimethoxysilane (APTES) were used. The comparison of the performance of 
the polymers prepared in different solvents was carried out. It was concluded that in 
chloroform the acrylic polymers exhibited high selectivity with poor affinity and on the 
other hand the sol-gel polymers presented a contrast behavior of higher affinity with poor 
selectivity. In acetonitrile and methanol, however, comparable results were obtained.  
Sharon Marx et al.,[29] used propranolol as model template for the comparison of two 
polymeric systems, acrylic and hybrid organic-inorganic sol-gels. They prepared MIPs in 
the form of films which were tested for their enantiomeric separation ability. They used 
the typical polymerization mixtures of MAA and EDMA for the acrylic system and 
PTMOS as functional monomer for the sol-gel synthesis.  They found that the acrylic 
system exhibited high uptake towards propranolol, but this was accompanied by a high 
degree of non-specific binding. On the contrary, the sol-gel system had lower uptake, but 
remarkably lower nonspecific binding. The uptake kinetics of the acrylic polymer was 
significantly slower than the sol-gel polymer. The imprinting of the sol-gel film with 
enantiomerically pure (S)-propranolol resulted in its pronounced chiral recognition over 
the (R)-enantiomer, while no information related with the enantiomeric recognition in 
acrylic polymer was provided.  
These two unique research articles dealing with the comparison of the two approaches 
being performed and tested within the same lab, tend to leave the impression that sol-gel 
might successfully challenge the dominance of the acrylic approach. We decided then 
that the high relevance of this subject deserved further study.  
Hence, this research work deals with the comparative study of sol-gel and acrylic 
imprinting approaches for two functionally different model template systems. In the 
following sub-sections the above goal is discussed in detail. 
 
1.14    Work Plan: Outlook 
 
The core of this research work deals with molecular imprints prepared in two different 
formats for two different classes of model templates by sol-gel and acrylic approaches, 
intending to compare systematically in terms of binding site heterogeneity, affinity and 







Figure 1.18: Schematic outline of our work plan 
 
A detailed presentation of the work plan is shown in the following sub-sections. 
 
1.15    Detailed Work plan 
 
1.15.1 Templates selected for the project 
 
Two functionally different pharmaceutical drugs molecules holding acidic and basic 
functional group moieties viz., naproxen (acidic) and aminoglutethimide (basic) were 
used as a template in order to assess the merits and demerits of the different formats of 








                                              
               Naproxen   (NAP)                  Aminoglutethimide (AGT) 
+(S)-(2-(6-methoxy-naphthyl) propanoic acid                           (R)-3-(4- aminophenyl)-3-ethyl-2,6-    
                                                                                                                piperidinedione 
 
Figure 1.19: Chemical structures of the templates 
 
Naproxen (NAP), chemical name  2-(6-methoxy-naphthyl) propanoic acid, is one of the 
key non-steroidal anti-inflammatory drugs. It is used for the treatment of pain, 
inflammation, and fever [145, 146]  
Aminoglutethimide (AGT), -3-(4-aminophenyl)-3-ethyl-2,6-piperidinedione, a racemic 
mixture is currently used clinically as a drug of choice in the treatment of hormone-
dependent metastatic breast cancer. It was reported that (+)-R-isomer had the most 
steroidogenesis inhibitory activity (two or three times more potent than the racemate), 
while the (−) S-isomer had very little activity at dose levels ten-fold higher[147]. 
 
1.15.2 Choice of Functional Monomers 
 
From the literature references and previous reports, the 1-[3-(Trimethoxysilyl)propyl]urea 
(UPTMOS), 4-(2-Pyridyl)ethyltrimethoxysilane (PETMOS), (1-(triethoxysilylpropyl), 3-
trimethoxysilylpropyl-4,5-dihydroimidazolium iodide (IL-SG) was selected for the sol-gel 
approach and 1-Allyl-3-vinylimidazolium bromide (IL-A) (Figure 1.20) as the acrylic 









                        
 
(1) UPTMOS                   (2) PETMOS 
                   1-[3-(Trimethoxysilyl)propyl]urea                  4-(2-Pyridyl)ethyltrimethoxysilane 
                   
 
                                
 
(3) IL-SG              (4) IL-A 
 
 
Figure 1.20: Structures of acrylic and sol-gel functional monomers used for the imprinting of (S)-NAP. 
 
In the same manner, 1,1’-(pyridine-2,6-diyl)bis(3-(3-(trimethoxyxilyl) propyl)urea (DPS)  
was selected as the sol-gel and N,N’-(pyridine-2,6-diyl)diacrylamide (BAAPy) as acrylic 
functional monomer for the target aminoglutethimide (Figure 1.21). 
 
               
(5) DPS      (6) BAAPy 
1,1’-(pyridine-2,6-diyl)bis(3-(3-(trimethoxyxilyl)          N,N’-(pyridine-2,6-diyl)diacrylamide 
propyl)urea    
 













It is worth mentioning that apart from the commercially available UPTMOS, PETMOS 
and IL-A, extended effort and time was spent in rationally designing and synthesizing the 
other functional monomers such as IL-SG and DPS. In spite of all that effort, the 
functional groups obtained for sol-gel and acrylic approaches were not exactly the same. 
However, the high similitude achieved was considered satisfactory. 
 
1.15.3  Study of Monomer-Template Complex 
[M-T] Assemblies by Spectroscopic 
Techniques 
 
An important step in the imprinting polymer synthesis is the prearrangement phase 
where a complex is formed between the template and a functional monomer or number 
of functional monomers (Figure 1.22). It is assumed that “the more stable or the stronger 
the complex is then the more selective the MIP will be”.[148] 
 
 
Figure 1.22: Stabilization of monomer-template [M-T] assembly scheme 
 
Consequently an understanding of the physical rules governing the formation of 
monomer-template complexation is a key factor to design a polymerization system with 
high selectivity and affinity.  
       
Hence, in this work 1H-NMR and UV-Vis experiments were carried out to confirm the 
formation of M-T intermolecular complexation by non-covalent interactions and the 
information gained from the titration experiments aided to rationally design our 
polymerization process. Figure 1.23 illustrated the expected non-covalent interactions 
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1.15.4 Synthesis of Acrylic and Sol-gel 
Imprinted Matrices 
 
To substantiate relative merits of acrylic and sol-gel methods, two different formats of 
imprinted and non-imprinted materials were prepared and brief procedure is explained in 
the following subsections. 
 
 
1.15.4.1 Acrylic Bulk Polymers: Classical 
Approach by Free Radical Mechanism   
 
Acrylic bulk polymers were prepared in a traditional way by grinding 
and sieving bulk polymers, resulting in irregularly shaped materials 





1.15.4.2 Acrylic Spherical Format: Novel Grafting 
Technique by Controlled Radical Polymerization 
 
Acrylic spherical format was prepared by grafting technique, in which 
polymer films were grafted from a common silica support immobilized 










1.15.4.3 Sol-gel Bulk Xerogels: Hydrolysis and 
Condensation 
 
For the sol-gel bulk xerogel preparation classical hydrolysis 
and condensation reactions were followed. The resulting 
material were then crushed and sieved. 
 
 
1.15.4.4 Sol-gel Spherical Format: Novel and 
Versatile Pore Filling Method 
 
The production of spherical bead imprinted xerogels was 
based on a pore filling method. Thus, sol-gel mixture was 
allowed to fill the pores inside the commercially available 
spherical silica particles and finally formed a thin gel.  
 
Evaluation of all the above materials was characterized in terms of pore structure, 
morphology and template recognition. 
 
1.15.5 Material Characterization 
 
It is equally important to understand how the templates influence the structure and 
morphology of the materials, for instance their pore structure. Thus relevant 
characterization techniques such as gas sorption (BET) experiment and scanning 
electron microscopy (SEM) for investigating the pore structure and surface texture of the 
materials were used.  TGA (Thermogravimetric analysis) experiment was carried out to 













Figure 1.24: Material characterization of acrylic and sol-gel matrices 
 
 
1.15.6 Imprinting Process Evaluation 
 
The use of MIPs as chromatographic stationary phases is one of the most studied 
applications for these polymers. This method was the best way to quickly and efficiently 
validate the performance of a developed MIP. The recognition properties of each MIP 
can be systematically tested in a series of comparisons, starting by determining the 
retention time of the template and/or a close analogue (Figure 1.25) on the MIP and on 
the corresponding non-imprinted control polymer (NIP).  
The selective retention of the template can be assessed by using single injections of 





Acrylic bulk  
and 











                               
 
Ibuprofen                       Glutarimide       (S)-Aminoglutethimide 
a.(analogue for naproxen)                    b.(analogues for aminoglutethimide) 
 
Figure 1.25: Structural analogues used for the chromatographic evaluation regarding selectivity 
 
From the data collected, useful parameters such as retention, imprinting factors and 
selectivity are calculated and used to evaluate polymer affinity, cross reactivity and other 
features of the MIPs.  
 
1.15.7  Determination of Binding Properties 
 
Frontal analysis experiments were carried out for all the synthesized imprinted and non-
imprinted acrylic and sol-gel matrices in order to obtain the binding properties such as 
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2. Basic Principles and Mechanism 
2.1 Outline 
 
This chapter deals with basic principles and mechanisms involved in this research work 
such as monomer –template association monitoring, acrylic and sol-gel polymerization 
mechanisms, principles and theories involved in imprinted and non-imprinted material 
characterization and its chromatographic evaluation.  
A brief outline in the form of flow charts comprehending the basic theories and 
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2.2 MIPs vs. Host-Guest Chemistry  
 
 
Molecular imprinting can be considered as a technique closely related to guest-host 
chemistry. Nonetheless, there is a significant difference between the two approaches 
towards molecular recognition. In host-guest chemistry the aim is to prepare a synthetic 
host which comprises a series of functional groups placed in a particular order and in 
well defined positions, in one single molecule. The chemical effort required in order to 
achieve such a receptor unit is usually extensive. 
Imprinting overcomes this problem by holding the recognition elements in place, owing to 
their interactions with the template, while they are connected to a macromolecular 
scaffold via growing polymer chains. This allows the pathways between neighbouring 
groups in the recognition site to be of virtually any length throughout the cross-linked 
matrix, precisely matching the template's requirements.  
 
The synthetic effort required en route to an artificial recognition element has been the 
main reason for which most researchers involved in the field of molecular imprinting have 
limited their palettes of building blocks to the commercially available ones. However, 
although one could envisage a lot of potential combinations of building blocks just 
considering what one can find in the chemical catalogues, the very few examples of 
working groups[149-151] including the one in which this project was carried out.[138,152,153] 
2.2   MIPs vs. Host-Guest 
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2.2.1   1H NMR titration
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that have invested time and effort in the design of functional monomers, often inspired by 
outstanding examples from supramolecular chemistry, show that the contribution is 
greatly rewarding. 
 
2.2.1 1H NMR Titration 
 
NMR spectroscopy has proven to be a valuable tool for the supramolecular chemist in 
the recent years as it is broadly used for the assessment of the strength and type of 
interactions in general host-guest chemistry.  
The NMR titration experiment was based on the monitoring of the “change” in a system, 
which is triggered by the stepwise modification of the system composition. In this case, 
the “change” is the complexation of the host/functional monomer (M) with the 
guest/template (T), the trigger is the stepwise addition of higher amount of one of the two 
components in a standard solution of the other (the order of addition varies depending on 
the examined system) and monitoring is achieved by following the Complexation Induced 
Shift (CIS) of a relevant proton in the bimolecular mixture.[138] 
Then, CISs of the monitored proton are plotted against the concentration of “free” M and 




1 + 𝐾𝑐  [𝑀]
 ∆𝑇𝑀 
Equation 2.1 
Where ∆𝛿 is the CIS, [M] is the concentration of “free” M, ∆𝑇𝑀 is the CIS at 100% 
complexation between T and M, and Kc is the binding constant. The detailed 
mathematical derivation of Eq. 2.1 is explained in the following subsection. 
 
2.2.1.1  1:1 Binding Isotherm Equation for 1H NMR 
Titrations 
Looking at the interaction between two compounds (Figure 2.1b), the peaks observed in 
the 1H-NMR spectrum are dependent on the rate of the association and dissociation of 
the studied complex (Figure 2.1a).  





Figure 2.1: a) From top to bottom: Slow exchange, moderately slow exchange, coalescence, very fast exchange.b) 
complexation of uracil template with diaminopyridine based functional monomer. (in the above mentioned example the 
proton followed is the imide proton with magnified representation) 
 
Monitoring the proton in Figure 2.1b which is directly affected by the association, it is 
possible to observe three different situations: If the interaction is slow, one can observe, 
for the same proton(s), a peak for the complexed and a peak for the “free” ones. If the 
interaction is moderately slow one will see these two peaks broadening towards each 
other. Finally there is the possibility of very fast complex association / dissociation in this 
case it is only possible to observe a weighted average of the two situations (Figure 2.1a). 
As shown in the above example (Figures 2.1b), the observed chemical shift, δ, for the 
selected proton, will be the weighted average of the two extremes, δT and δTM (Figure 
2.2) which are the chemical shift of the template (T) in the free state and of the template-
monomer (TM ) complex. 
𝛿 = 𝛿𝑇 𝑥𝑇 + 𝛿𝑇𝑀 . 𝑥𝑇𝑀 
Equation 2.2 











Figure 2.2: Schematic representation of the CIS in fast exchange between free and bound T. 
 
When the volume of solvent is kept constant in every NMR measurement, we have 
 
𝛿 =





If one then looks at the difference between the observed shift for the complex at a given 
concentration of monomer (M) and the peak corresponding to the “free” template, their 
difference is given by Δδ = δ - δT, with δ from above and δT equated as: 
 
𝛿𝑇 =













 . ∆𝑇𝑀 
Equation 2.5 
Where ∆𝑇𝑀 =  δTM -  δT. 
Inserting [TM] = KC.[T].[M] from the equilibrium in a 1:1 stoichiometric complex we get 
the 1:1 binding isotherm for NMR, 
∆𝛿 =
𝐾𝑐  [𝑀]

















When inserting KC.[T].[M] for [TM] again. Identifying this as a part of the binding 







A graph of the shift change  ∆𝛿 vs. the concentration of “free” functional monomer [M] 
can then be fitted to give the association constant (KC) and the maximum shift change 
(∆𝑇𝑀). Since the formal conc entration of the monomer in these experiments is much 
different from the actual, a correction has to be made. 
The concentration of “free” monomer can be written as: 
[𝑀] = 𝐶𝑀 − [𝑇𝑀] = 𝐶𝑀 − 𝑓𝑇𝑀𝐶𝑇 
Equation 2.9 
 




Where CM and CT are the formal concentrations of monomer (CM = [M] + [TM])  and 
template (CT = [T] + [TM]) respectively. 
 
Therefore the concentration of “free” monomer can be calculated from: 
 






When fitting the measured data points of Eq. 2.10 to the 1:1 binding isotherm for NMR, 
one obtains an approximate value for KC and ΔTM. Then the concentrations have to be 
recalculated using the obtained ΔTM and the fitting done again with the new values for KC 
and ΔTM until they converge. This method has been widely used to estimate the 
parameters KC and ΔTM for molecular complexes.  
 
2.2.1.2   Stoichiometry of Template-Monomer 
Complexes : Job’s  plot 
 
A centered assumption in molecular imprinting is that the functional groups are 
organized around the template in the solution phase, and then "locked-in" during the 
polymerization. To test this assumption, a first step was to characterize the solution 
phase, i.e the pre-polymer complex formation between template and analogue with 
functional monomers.  
In order to determine the stoichiometry of a complex formed in solution, meaning the 
number of host and guest units taking part in a single complex molecule, or confirm an 
expected ratio of host-guest, a Job plot (Figure 2.3) needs to be prepared.  
If the samples are scanned by NMR and the mole fraction calculated for either the 
template or the monomer is plotted against the CIS of a selected proton multiplied by the 
corresponding mole fraction (CIS × Xi). A bell-shaped curve (Figure 2.3) is obtained.  




Figure 2.3: Schematic representation of a job plot 
 
The stoichiometry of the complexes can then be estimated at the molar fraction of the 
functional monomer where the maximum concentration of the complexes occur (Figure 
2.3). If the maximum of the curve is situated at Xi=0.5, then a 1:1 complex is formed. And 
if the maximum is at 0.33 or 0.66, then a 1:2 or a 2:1 complex is formed respectively, and 
so on (Figure 2.3). 
 




Acrylic molecular imprinted recognition polymers are typically prepared by classical bulk 
free radical copolymerization of mono and divinyl monomers, in the presence of template 
molecule, initiated by soluble azo-initiators. A number of technical challenges remain 
when these recognition elements are to be implemented in “real-time” applications. This 
concerns post modification of the surface of the initially prepared MIPs to minimize non-
specific interactions or the incorporation of a multitude of recognition features in one 
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controlled radical polymerization using RAFT (Reversible addition-fragmentation chain 
transfer) agent.[110] 
 
The mechanisms of both classical free radical and novel controlled radical 
polymerization are discussed in detail in the following subsections.  
 
2.3.1  Classical Free-Radical Polymerization (FRP) 
 
The most common method for the polymerization of a recognitive network is by free-
radical polymerization. The monomer mixture usually consists of functional monomers, a 
template molecule, a bi-functional crosslinking agent, solvent, and initiator. The initiator 
frequently used for highly crosslinked networks is N,N´-azo-bis-(2,4- 
dimethyl)valeronitrile (ABDV) because of the compound’s high degree of initiator 






After free-radical formation, the free radicals react with the carbon double bonds that are 
associated with the functional and crosslinking monomers (M) (Eq. 2.12).  
 
Equation 2.12 
    
 
Propagation will occur (Eq. 2.13), resulting in the addition of monomers to the growing 
polymer chain.  
 
      
Equation 2.13 
   
+  R 
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Termination begins when two radicals come together to form a dead polymer chain (Eqn. 
2.14). This is known as coupling. All the double bonds have reacted within this dead 
chain to form inter-linking between monomer units. Another form of termination is 
disproportionation, which is the transfer of one hydrogen atom from one growing polymer 





The two main reaction initiation mechanisms for free-radical polymerization are thermal 
and photo initiation.  
 
Thermal initiated free-radical polymerization is based upon heat of thermal energy 
breaking the initiation molecule into radicals from where the reaction begins. In most 
cases, thermal initiation takes place above a temperature of 40°C. With increase in 
temperature for initiation, hydrogen bond strength decreases resulting in weaker non-
covalent bonding within the template molecule-functional monomer complex. This gives 
lower affinity binding sites and lower population density of binding sites within the final 
recognitive polymer structure.[154-156] 
 
Photoinitiated free-radical polymerization employs a photoinitiator that will form radicals 
upon irradiation with ultra-violet light. In photo-polymerization reactions, the intensity of 
incident light plays an important role in the rate of radicals formation within the mixture 
which directly influences the polymerization rate. An increase in intensity will yield an 
increase in the rate of reaction and also in double bond conversion.[157] A major 
advantage of using photo-polymerization to create recognitive polymer networks is the 
ability to have lower temperatures which increase non-covalent bond strengths, which  
increase the stability of the template molecule–functional monomer complex. This results 








2.3.2  Novel Controlled Radical Polymerization 
(CRP) using RAFT agent 
 
Kinetics overview 
RAFT is a type of living polymerization involving a conventional radical polymerization 
which is mediated by a RAFT agent. There are a number of steps in a RAFT 
polymerization: initiation, pre-equilibrium, re-initiation, main equilibrium, propagation and 
termination.[160] 
 
The mechanism is explained well with the help of Figure 2.4. 
 
Initiation: The reaction is started by a free-radical source which may be a decomposing 
radical initiator such as ABDV. In the example in Figure 2.4, the initiator decomposes to 
form two fragments (I•) which react with a single monomer molecule to yield a 
propagating (i.e. growing) polymeric radical of length 1, denoted P1•. 
 
Propagation: Propagating radical chains of length “n” in their active (radical) form, Pn•, 
add to monomer, M, to form longer propagating radicals, Pn+1•. 
 
RAFT pre-equilibrium: A polymeric radical with “n” monomer units (Pn) reacts with the 
RAFT agent to form a RAFT adduct radical. This may undergo a fragmentation reaction 
in either direction to yield either the starting species or a radical (R•) and a polymeric 
RAFT agent (S=C(Z)S-Pn). This is a reversible step in which the intermediate RAFT 
adduct radical is capable of losing either the R group (R•) or the polymeric species (Pn•). 
 
Re-initiation: The leaving group radical (R•) then reacts with another monomer species, 
starting a new active polymer chain (Figure 2.4). 
 





Figure 2.4:Mechanism of RAFT polymerization[153]  
 
Main RAFT equilibrium: This is the most important part in the RAFT process, in which, 
by a process of rapid interchange, the present radicals (and hence opportunities for 
polymer chain growth) are "shared" among all species that have not yet undergone 
termination (Pn• and S=C(Z)S-Pn). Ideally the radicals are shared equally, causing chains 
to have equal opportunities for growth and a narrow polydispersity index. 
 
Termination: Chains in their active form react via a process known as bi-radical 
termination to form chains that cannot react further, known as dead polymer. Ideally, the 
RAFT adduct radical is sufficiently hindered such that it does not undergo termination 
reactions. 
 
The total number of radicals delivered to the system by the initiator during the course of 
the polymerization is low compared to the number of RAFT agent molecules, meaning 
that the R group initiated polymer chains from the Re-initiation step form the majority of  
 
+1 




the chains in the system, rather than initiator fragment bearing chains formed in the 
Initiation step. This is important because initiator decomposes continuously during the 
polymerization, not just at the start, and polymer chains arising from initiator 
decomposition cannot, therefore, have a narrow length distribution. These mechanistic 
features lead to an average chain length that increases linearly with the conversion of 
monomer into polymer. 
 




The sol-gel process is a method for the production of inorganic materials at ambient 
temperature, and was first reported about 150 years ago.[161] The process is gaining 
renewed interest because it provides a convenient way for incorporation, immobilization, 
entrapment, and encapsulation for a large variety of materials including organic, 
inorganic, biomolecules, microorganisms, tissue and indicators[162, 163]. The synthetic 
method of polysiloxanes by sol-gel process, as its name implies, involves the formation 
of a colloidal suspension (sol) and gelation of the sol to form a wet gel (a globally 
connected solid matrix), which after drying forms “dry gel” state.[164] (xerogel) The 
following subsections summarize the sol-gel process by hydrolytic and non-hydrolytic 
approaches.  
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2.4.1 Hydrolytic approach 
 
Most sol-gel techniques use water and low molecular weight tri- or/and tetra-
alkoxysilanes as gel precursors. Because alkoxysilanes are not miscible with water, a 
common solvent is used for homogenization, although in some cases the released 
alcohol (Figure 2.5) can provide sufficient homogenization.  
The classical sol-gel process evolves sequentially as the product of successive 
hydrolysis and condensation reactions. 
 
2.4.1.1   Hydrolysis 
 
Generally, the hydrolysis reaction is promoted by the addition of a catalyst. Hydrolysis 
leads to the formation of silanol groups (Figure 2.5). Soluble intermediates produced in 
the alcohol–water medium include silanols, ethoxy silanols and oligomers of low 
molecular weight which were formed at the first stages of the process. 
 
4 2( ) 4Si OR H O 4( ) 4Si OH ROH  
 
Figure 2.5: Sol-gel hydrolysis 
 
Two models for the hydrolysis reaction have been proposed: one in which a trivalent.[165] 
and another in which a pentavalent transition state is formed.[166] Raman spectroscopic 
studies on the hydrolysis of TMOS indicated that the model involving a pentavalent 
transition was correct.[167] 
Hydrolysis can readily occur under acidic or basic catalysts. 
 
 
 H2O, solvent 
Acid/Base catalyst 




2.4.1.1.1 Acid catalyzed hydrolysis 
 
In general, acids accelerate the hydrolysis process of alkoxysilane, the most frequently 
used acid being hydrochloric acid. Other acids such as acetic acid, phosphoric acid or 
sulfuric acid have been used[168, 169] and it has been suggested that the resulting gels are 
much the same irrespective of the acid that is used.[170]  
It is proposed that the mechanism of hydrolysis under acidic condition is as follows 
(Figure 2.6). 
 
Figure 2.6: Acid catalyzed hydrolysis in sol-gel process 
 
Under acidic conditions, the proton is attracted by the oxygen atom of the OR group. 
This causes a shift of the electron cloud of the Si–O bond towards oxygen, and it results 
in an increase on the positive charge of the silicon atom. A water molecule can now 
attack the silicon atom, and a penta-coordinate  transition state is formed[167] . 
 
2.4.1.1.2 Base catalyzed hydrolysis 
 
In case of base catalysis, the reaction is caused by a hydroxyl ion (Figure 2.7). The OH− 
ion has high nucleophilic power and is able to attack the silicon atom directly.  





   
 





Figure 2.7:Base catalyzed hydrolysis in sol-gel process 
 




2.4.1.2   Condensation 
 
The polycondensation of alkoxysilanes can be summarized in terms of two reactions: 
silanol–silanol condensation (Figure 2.8) and silanol–ester condensation leads to the 
formation of Si-O-Si network.[167] 
 
4 4( ) ( )Si OH Si OH (HO)3-Si-O-Si-(OH)3+ 2H O  
 
Figure 2.8: Sol-gel condensation  
 
Unlike organic polymers which evolve through the formation of dimers, trimers, and 
linear chains, sol-gel xerogels, cross-link to form the gel state. Inorganic particles, 
however, evolve either through aggregation of small colloids or by addition of low 
molecular weight particles to larger ones.[171] 
Many different intermediates are possible during sol-gel process. This means that it is 
very hard to give an exact thermodynamic description of what might be possible or not, 
in the sol-gel reaction paths. The effect of the different reaction parameters (Organic 
radical of the OR group, solvent, catalyst, temperature and concentration) has to be 











2.4.1.3   Gelation and Drying 
 
Gelation of the sol occurs when interconnection between particles of the sol increases 
forcing the sol to become more viscous (gel-point) thereby losing its fluidity. At the initial 
stages of polymerization, the silanol functional groups at the surface of the growing 
particles are partly deprotonated and their negative charge provides a repulsion barrier 
that stabilizes the sol. Later, solvent evaporation and water consumption by alkoxy silane 
hydrolysis concentrate the solution and destabilize the suspension.[171]  
During the last stages of gelation, water and the organic solvent evaporate from the 
pores of the glassy material and the volume of the solid shrinks gradually (in some 
cases, the final volume of the xerogel is <10% of the initial volume of the gel). During the 
drying phase, some of the larger pores are emptied while smaller pores remain wetted 
by the solvent, creating large internal pressure gradients. This process caused cracking 
and fracture in large monoliths. 
 
2.4.2   Non-hydrolytic sol-gel (NHSG)   
 
The non-hydrolytic sol-gel route involves the reaction of an alkoxide under non-aqueous 
conditions to form an inorganic oxide. [173, 174] The electronic factors which control the 
course of the non-hydrolytic reaction are different from those operating during the 
hydrolytic sol-gel process. The currently accepted NHSG mechanism proceeds via 
coordination of the oxygen donor to the central metal atom of the alkoxide, followed by 
cleavage of the carbon-oxygen bond, instead of metal-oxygen bond cleavage, which 
occurs during the hydrolytic process.[174]  
This route involves the use of a strong carboxylic acid such as formic acid as solvent and 
catalyst for the sol-gel process, the acid also acts as a good solvent for a number of 
polymer systems. Some of the main reactions involved in this chemistry are shown 
below.[175] (Steps 1 to 4 in Figure 2.9), water being formed in the esterification reaction 









Figure 2.9: NHSG process steps 
 
The condensation reaction represented in step 4 in Figure 2.9 is faster when compared 
to other in condensation reactions. 
Fujiwara et al., recently reported a sol-gel method using acetic anhydride as the 
alternative to water, which is advantageous to dissolve various organic and hydrophobic 
molecules in the sol-gel solutions.[176, 177] As the reaction can be performed in organic 
solution media various organic compounds which are hardly dissolved in aqueous 
solution media, can be mixed to form homogeneous solutions. In this article, authors 
reported the NHSG method in the presence of cholesterol. The sol-gel solution readily 
dissolved and the cholesterol drastically changed the pore structures of silicas.  
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2.5.1  Characterizations of nanoporous structures 
 
Reliable characterization methods are very important for analyzing porous materials. 
Various structural parameters, such as surface area, pore size, pore volume and pore 
size distributions are needed to be evaluated for nanoporous materials. Gas adsorption 
is of the most important experimental method used for determining the porous properties 
of the material. 
 
2.5.1.1   Gas sorption measurement 
 
It has long been known that a porous solid can take up a relatively large volume of 
condensable gas. Because surface area and porosity of the porous materials play 
complementary roles in adsorption phenomena, measurements of adsorption of gases 
can be made to yield information as to surface area and the pore structure of a solid. 
 
The term of “adsorption” was first introduced by Ayser in 1881 to connote the 
condensation of gases on free surfaces; while the term “absorption” refers to the 
phenomenon where gas molecules penetrate into the mass of the absorbing solid. Since 
it is sometime difficult, impossible or irrelevant to distinguish between these two terms, 
the wider term “sorption” which embraces both types of phenomena is used.[152] 
 
When a highly dispersed solid is exposed in a closed space to a gas or vapor at some 
definite pressure, the solid begins to adsorb the gas, resulting in a gradual reduction in 
the gas pressure. With time, the gas pressure would become constant. The amount of 
adsorbed gas can be calculated from the decrease of pressure by application of the gas 
laws. 
 
The amount of adsorbed gas per gram of solid depends on the equilibrium pressure P, 
the temperature T, and also on the nature of the gas and of the solid. For a given gas 
adsorbed on a given solid, maintained at a fixed temperature: 
 
X = f (P)T, gas, solid 
Equation 2.15 
 
If the gas is below its critical temperature, i.e. if it is a vapor, the alternative form applies:  




X = f (P/P0)T, gas, solid 
Equation 2.16 
 
These two equations (Eqs.2.15 and 2.16) represent the adsorption isotherm, which can 
be defined as the relationship at constant temperature, between the adsorbed and the 
equilibrium pressure of the gas and can be used to determine the general pore structure 
of a porous solid. The adsorption isotherm is usually constructed point-by-point by the 
admission to the adsorbent of successive charges of gas with the aid of a volumetric 
dosing technique and application of the gas laws. 
 
Though there are recorded tens of thousands of adsorption isotherms, the majority of 
those isotherms can be grouped into six classes[178] as illustrated in Figure 2.10. 
 
Type I isotherms are given by microporous solids having relatively small external 
surfaces, the limiting uptake being governed by accessible micropore volume rather than 
by internal surface area. 
 
Type II isotherms are commonly forms of isotherms obtained with a non-porous or 
macroporous solid. It demonstrates unrestricted monolayer-multilayer adsorption. The 
point B labeled in the graph normally means the conversion form monolayer adsorption 
to multilayer adsorption. 
 
Type III isotherms are not common. In this case, the adsorbate-adsorbate interaction 
plays an important role. 
 
Type IV isotherms have a characteristic hysteresis loop, which is associated with 
capillary condensation taking place in mesoporous solids. The initial part of the Type IV 
isotherm is attributed to monolayer-multilayer adsorption since it follows the same path  
as the corresponding part of a Type II isotherm. Type IV isotherms are given by many 
mesoporous materials. 
 





Figure 2.10: IUPAC classifications of physisorption isotherms.  
 
Type V isotherms are also not common they are related to the Type III isotherms in that 
the adsorbate-adsorbate interactions are weak but is obtained with certain porous 
adsorbents. 
 
Type VI isotherm represents stepwise multilayer adsorption on a uniform non-porous 
surface. The step-height now represents the monolayer capacity for each adsorbed layer 
and, in the simplest case, remains nearly constant for two or three adsorbed layers. 
Amongst the best examples of Type VI isotherms are those obtained with argon or 
krypton on graphitized carbon blacks at liquid nitrogen temperature. 
 
In general, pore sites in an imprinted polymer can be classified according to different 
types based on the site accessibility, integrity and stability criteria. Nitrogen adsorption-
desorption (BET) and mercury porosimetry are the techniques available for the 
determination of polymer pore structures in a dry state[139].  
Normally, the Brunauer-Emmett-Teller (BET) gas adsorption method has become the 
most widely used standard procedure for the determination of the surface area of finely-
divided and porous materials. The BET equation can be described in the linear form 
(Eq.2.17): 

















where na is the amount adsorbed at the relative pressure P/P0 and nam and is the 
monolayer capacity. 
 
There are typically three types of pores in the imprinting materials which are the 
mesopores, macropores and micropores.[136] Meso and macropores with pore size larger 
than 20 Å are expected to be easily accessible compared to sites located in the smaller 
micropores (pore sizes smaller than 20 Å) where the diffusion is slow. For most 
applications in liquid media, permanent porosity and a large surface area of accessible 
meso and macropores are preferred. 
 
2.5.1.2   Grafted polymer film thickness calculation from 
BET 
 
BET measurement also helped in calculating the thickness of the grafted polymer inside 
the silica pores by following the Eq.2.18. 






Where dpi is pore diameter of the Si-APS (Amino modified silica)  and dpf is the pore 
diameter of the final composite. 
 
2.5.2   Material Thermal Characterization by TGA 
 
Thermogravimetric analysis (TGA) measures weight changes in a material as a function 
of temperature (or time) under a controlled atmosphere. Its principal uses include the 
measurement of a material’s thermal stability, filler content in polymers, moisture and 
solvent content, and the percent composition of components in a compound. 




TGA : Principle of Operation 
A TGA analysis is performed by gradually raising the temperature of a sample in a 
furnace as its weight is measured on an analytical balance that remains outside of the  
furnace. In TGA, mass loss is observed if a thermal event involves loss of a volatile 
component.  Chemical reactions, such as combustion, involve mass losses, whereas 
physical changes, such as melting, do not.  The weight of the sample is plotted against 
temperature (Figure 2.11) or time to illustrate thermal transitions in the material – such 
as loss of solvent and plasticizers in polymers, water of hydration in inorganic materials, 
and, finally, decomposition of the material. 
In this work, TGA analysis were carried out in order to gather thermal stability information 
of the materials prepared and also used to derive the thickness of the grafted polymer 
layer inside solid silica support. Thickness, d(nm) of the grafted organic imprinted film 
was calculated from the % mass loss measured from TGA analysis using Eq 2.19.  
 
Figure 2.11: Typical TGA graph for a polymer 
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Where, Dp = pore diameter of the composite (nm), Vp = pore volume of the composite (mL/g), ρ = 
weighted average density of monomers (g mL-1) 
Temperature, C 








2.6.1  Solid Phase Extraction (SPE) 
 
SPE is a well established and widely used technique in many different areas of 
chemistry. Development of SPE methods and their use in analytical chemistry greatly 
increased during the late 1980s and the 1990s, although their history dates back at least 
the early 1970s.[179] 
SPE involves passing a liquid sample through a solid sorbent bed, usually consisting of 
modified silica particles. The aim is to retain the analytes in the sorbent bed, wash away 
interferences and finally elute the analytes as a clean extract in a small volume. The 
collected extract cab then be analyzed by a suitable method, for instance HPLC or 
LC/MS. A wide range of different formats and sorbents for SPE applications is available, 
and the technique can be used either off-line or on-line. 
The principle is very similar to LLE (Liquid-Liquid extraction), except that the solutes are 
not portioned between two immiscible liquid phases but between a solid phase (sorbent) 
and a liquid phase (sample matrix). 
 
2.6 Imprinting evaluation



















SPE was initially developed as a technique to complement or replace LLE. One 
advantage of SPE over LLE is that requires lower amounts of organic solvents for the 
extraction, which is important for environmental and health reasons. SPE also often 
offers higher selectivity for the target compound(s) due to the sorbent types available. 
Other advantages of SPE are its higher concentration factors and the fact that the 
extraction steps can readily be automated. 
 
2.6.1.1   SPE Principles and Process 
 
The analyte can be retained by the sorbent surface by a range of different types of 
interaction, such as hydrogen bonds, dipole-dipole or dipole-induced dipole mechanisms, 
dispersive, charge transfer or ionic interactions. Ionic interactions involve higher energies 
(50-200 kcal/mole) than both hydrogen bonds (5-10 kcal/mole) and the dipole types of 
interactions (1-10 kcal/mole).[180] 
 
The three main modes of SPE are: reversed phase, normal phase and ion-exchange 
systems. In reversed phase SPE the aim is to extract nonpolar analytes from the polar 
sample using a sorbent of nonpolar character. For normal-phase mode an opposite 
approach is used; the sorbent consists of polar particles while the sample matrix is 
nonpolar and polar analytes are extracted. Ionic interaction occurs between an analyte 
carrying a charge and a sorbent carrying the opposite charge. 
 
The SPE process usually consists of four distinct steps as shown in Figure 2.12. 
:  1. Conditioning/equilibration  
  2. Adsorption /sample application  
  3. Washing  








Figure 2.12:SPE quantification. Steps: (1) conditioning of the sorbent, (2) percolation of the water sample, (3) washing 
step and (4) elution step. 
 
1. Conditioning sorbent is important to promote good surface contact between the 
phases. This is usually done by wetting the sorbent with an organic solvent of 
appropriate polarity. This step also includes the equilibration of the sorbent with a 
solution as similar to the sample as possible, in terms of polarity, ionic strength and pH. 
2.  In this step the sample is percolated through the sorbent bed, simply by gravity, or 
by the application of a gentle vacuum or pressure. It is important to control the flow rate 
in this step to promote efficient mass transfer of the analytes to the sorbent. A suitable 
flow rate depends on the particle size distribution, the column dimensions and the 
packing characteristics of the sorbent. 
3.  Here the aim is to wash off retained interferences from the sample matrix without 
eluting the analytes. 
4. The elution step involves disrupting the retention of the analyte on the sorbent. A 
solvent offering a combination of the possible interactions is often most effective. It is 
advantageous if the elution solvent volume is small enough for the analyte to be 
preconcentrated. Furthermore, the solvent should ideally be compatible with the final 
analysis. 
Solid phase extraction is routinely used in many different areas of analytical chemistry. 
Some of the main fields are environmental, biological, and food chemistry, where 
cleaning and pre-concentration of the sample are important steps in the analytical 
protocol. MIPs have attracted attention because they show promise as compound-
selective or group-selective media. The first molecularly imprinted polymer for Solid 
Phase Extraction (MIP-SPE) procedure was reported by Sellergren.[181] The application 




of these synthetic polymers as sorbents allows not only pre-concentration and cleaning 
of the sample but also selective extraction of the target analyte, which is important, 
particularly when the sample is complex and impurities can interfere with quantification. 
 
2.6.2   Chromatographic Evaluation 
 
The use of MIPs as chromatographic stationary phases is one of the most studied 
applications for these polymers. This method is, in fact, the best way to quickly and 
efficiently validate the performance of a developed MIP. The recognition properties of 
each MIP can be systematically tested in a series of comparisons, starting by 
determining the retention time of the template and/or a close analogue on the MIP and 
on the corresponding non-imprinted control polymer (NIP). The selective retention of the 
template can be assessed by using single injections of different analytes or pre-mixed 
solutions. 
2.6.2.1   Determination of Capacity, Separation and 
Imprinting Factors  
 
Data collected from the chromatographic profile allow the determination of useful 
parameters such as capacity, imprinting factor and selectivity used to evaluate polymer 
affinity, cross reactivity and other features of the MIPs.  
In order to determine the imprinting factor (IF) the retention factor (k) of an analyte must 









Where tr and t0 are the retention time of the analyte and the void marker (acetone, unless 
otherwise mentioned), respectively. Thus,   
 
 







IF   
Equation 2.21 
The selectivity, , for two analytes A and B is defined by the ratio of their retention 







          
2.6.2.2   Column Efficiency 
 
The efficiency of a chromatographic column is affected by the amount of band 
broadening that occurs as a compound passes through the column. Band broadening 
reflects a loss of column efficiency. The slower the rate of mass transfer processes 
occurring while a solute migrates through a column, the broader the band at the column 
exit. Other variables that influence column efficiency are linear velocity of mobile phase, 
diffusion coefficient in mobile and stationary phases, retention factor, diameter of packing 
packing particles and thickness of liquid coating on stationary phase.  
Efficiency of the column has been measured with number of Theoretical Plates (N) and 
Height Equivalent to a Theoretical Plate (H). 
Number of Theoretical Plates (N)  
The number of theoretical plates is a mathematical concept and can be calculated using 
Eq.2.23. Theoretical plate numbers are indirect measurements of peak width for a peak 
at a specific retention time. 





N is the number of theoretical plates, tR is the retention time and wh is the peak width at 
half height (in units of time). 
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Columns with high plate numbers are considered to be more efficient, that is, have 
higher column efficiency, than columns with a lower plate count. A column with a high 
number of theoretical plates will have a narrower peak at a given retention time than a 
column with a lower N number. 
 
2.6.2.3   Height Equivalent to a Theoretical Plate (H) 
 
Another measure of column efficiency is the height equivalent to a theoretical plate 
denoted as H. It is calculated using Eq.2.24 and usually reported in millimeters. The 
shorter each theoretical plate, the more plates are "contained" in any length of column. 






L is the length of the column (mm) and N is the number of theoretical plates. 
 
Generally, mobile-phase flow rate and the stationary phase mass-transfer were the most 
important variables that control the efficiency of the column. 
 
2.6.3   Binding Characteristics by Frontal Analysis 
 
Frontal Chromatography : Theory   
Among the various chromatographic methods available to determine single-component 
isotherms, frontal analysis (FA) is the most accurate[182] .It consists in quickly replacing 
the stream of mobile phase percolating through the column with solutions of the studied 
compound of increasing concentrations and recording the breakthrough curves at the 
column outlet (Figure 2.13).  
 
 




Figure 2.13: Schematic representation of frontal chromatography where template is continuously infused through a column 
packed with the imprinted polymer. 
 
Mass conservation of the solute between the time when the new solution enters the 
column and a final time for which the plateau concentration is reached allows the 
calculation of the adsorbed amount, q*, of solute in the stationary phase at equilibrium 
with a given concentration, C, in the mobile phase. Area A2 in Figure 2.14 represents this 
amount. This area is best measured by integration of the breakthrough curve [182, 183] 
(equal area method). The area on the left of the breakthrough curve (A1+A2) is the mass 
of solute constantly present in the column, i.e., the sum of the mass of solute in the 
mobile phase occupying the column void-volume (A1) and the mass of solute adsorbed in 





where Veq and V0 are the elution volume of the equivalent area and the hold-up volume, 
































  (        Breakthrough curve) 
Figure 2.14: Frontal analysis method of determination of the equilibrium concentrations in the stationary phase.  
 
2.6.3.1   Recording of breakthrough curves: Staircase 
Method  
 
The adsorption isotherms were determined using classical staircase frontal analysis. A 
multistep staircase frontal analysis was performed for each column for both target and its 
analogue. All experiments were made in increasing concentrations and without washing 
cycles in between the staircases. 
The schematic representation of the staircase frontal analysis chromatogram is showed 









Figure 2.15: The schematic representation of a staircase frontal analysis chromatogram showing the calculation of the 
retention times of each breakthrough step. 
 
The sample concentration in the stationary phase (q*) at equilibrium with concentration C 
in the mobile phase was calculated using the following integral mass balance equation 
for a series of n successive steps (Eq.2.26). 
 
q*n+1 =
q*n + (Cn+1 -Cn )FV [teq - (t0 - tea )- tep ]





where qn* is the sample concentration in the stationary phase at equilibrium with a 
sample concentration Cn in the mobile phase, n is the step number, Fv is the flow rate, t0 
is the measured void time of the column, tea and tep are the extra -column times (from 
injector and pump, respectively) determined by replacing the column with a zero dead 
volume connector. tea was determined by injecting from the sampler, and tep by running a 
step gradient with subsequent determination of breakthrough times. Vc is the geometrical 
volume of the column tube (Figure 2.16).  
 
 






Figure 2.16: Frontal analysis experimental set-up/ design 
 
2.6.3.2   Adsorption / Binding Isotherms  
 
Adsorption or binding isotherms can yield important information concerning the binding 
energies, modes of binding and sites distributions in the interaction of small molecule 
ligands with receptor. In MIPs, a soluble ligand interacts with binding sites in a solid 
adsorbent. Isotherm helps to characterize the MIPs and calculate the corresponding 
binding parameters and affinity distributions.  
The isotherm can be fitted using various models where different assumptions are made. 
Generally, the models can be grouped into two classes which are the discrete and 
continuous distribution models[184] . 
The adsorption isotherm models used in this work were Langmuir, Freundlich and 
Langmuir- Freundlich (L-F).  
 
2.6.3.2.1   Langmuir isotherm 
 
The Langmuir isotherm is the simplest homogeneous model that describes the 
absorption of template molecules by MIPs. A homogeneous model assumes a finite 
number of binding sites and a single binding constant[185] .This model also assumes that 
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addition it is assumed that the adsorption cannot proceed beyond the monolayer [186] .The 
model is based on the following dynamic equilibrium, Equation 2.26. 
 
   SurfaceSurface MIPTemplateMIPTemplate   
Equation 2.27 
 
This equilibrium has a rate constant (ka) for adsorption and (kd) for desorption. Working 
with surface adsorption the extent for the coverage is normally expressed as a 
fractionally coverage (θ). The factional coverage is defined as q/q*. The adsorption rate 
is described in 2.28 (a) and the rate of desorption is described in Eq. 2.28(b). 
 















The adsorption isotherm is deducted by assuming equilibrium, which means that the 
adsorption rate and the desorption rate are equal The binding constant can be 
expressed in terms of the complexion rate constants ka and kd, Equation 2.29(b).
  
 
When Eq. 2.29(b) is applied to Eq.2.29(a) the expression can be simplified. Employing 
the binding constant in the expression and the fact that the fractional coverage is defined 








































where q is the concentration in the stationary phase at equilibrium with concentration C, 
and C is the concentration in the mobile phase, with a saturation capacity q* and 
association constant b. The dissociation constant Kd was calculated as the inverse of b. 
 
2.6.3.2.2   Freundlich isotherm 
 
The Freundlich isotherm is a simple heterogeneous model describing the adsorption of 
template to the surface of the MIPs. This is a binding isotherm that fits most MIPs. The 
isotherm is described by Eq.2.31. 
 
q = aCm 
Equation 2.31 
 
where q is the concentration in the stationary phase at equilibrium with concentration C 
(the concentration in the mobile phase). 
From the Freundlich isotherm equation it is not possible to obtain a saturation capacity. 
There are two fitting parameters, “a” and “m”,. where “a” related with the binding 
affinity[125] and “m” describes the degree of heterogeneity in the polymer. 
 
 
2.6.3.2.3  Langmuir-Freundlich (L-F) Isotherm 
 
The difference between the L-F model and the Freundlich one is evident at high sorbate 
concentrations, for which the L-F model is able to represent the saturation behaviour. At 
low sorbate concentrations the L-F equation reduces to the classical Freundlich 
equation. On the other hand, as “m” approaches unity, indicative of a completely 
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homogeneous sorbent surface (i.e., energetic equivalence of all binding sites) the L-F 
equation reduces to the classical Langmuir equation. Thus, the hybridised L-F isotherm 
is able to model adsorption of solutes at high and low concentrations onto homogeneous 
and heterogeneous MIPs. 
 





where q is the concentration in the stationary phase at equilibrium with concentration 
C(the concentration in the mobile phase). 
 
There are three fitting parameters, “q*” ,”b” and “m”, where “q*” is the saturation capacity, 
“b” the association constant and “m” the heterogeneity index. The dissociation constant 
Kd was calculated as the inverse of b. 
 
2.6.3.3   Fisher values  
 
Non-linear regression of the experimental data to adsorption isotherm models was 
performed using Origin 5.0. The different adsorption isotherm models were compared 
using the Fisher test (Eq.2.33). For each model and each set of experimental data, the 





where qexp,i are the experimental values of the solid-phase concentration of the adsorbate 
for a given system,  is the mean value of the data, qexp,i, for a given system, qt,i are the 




estimate of the solid-phase concentration of the adsorbate by a given model, I is the 
number of adjusted parameters in the model, and m is the number of experimental data 
for a given system.[8, 187] 
The estimates of the parameters present in the models are given at the asymptotic 95% 
confidence interval. The best model selected for the experimental data is the one, which 
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Naproxen: Preluding Experiments and Bulk Imprints 








Naproxen was chosen as one of the model templates. Naproxen is a widely used profen-
type nonsteroidal anti-inflammatory agent for treating rheumatoid arthritis, ankylosing 
spondylitis as well as postoperative acesodyne. For this reason, a facile and effective 
method for detecting trace S-NAP in a complicated matrix (such as urine and blood) is 
highly desirable.[133] 
Physiochemical properties of the naproxen and its structural analogue are presented in 
Table 3.1. 
 












+(S)-(2-(6-methoxy-naphthyl) propanoic acid 
C14H14O3 
Mol.Mass : 230 g/mol 


















Mosbach et al.,[24] first attempted the synthesis of acrylic imprinted polymers for the 
enantiomeric separation of naproxen using vinyl pyridine as functional monomer. 
Following this, several authors reported acrylic MIPs for naproxen using the same 
formulation.  
 
Jun Haginaka et al.,[43] group prepared uniformly sized MIP for (S)-NAP using the 
vinylpyridine as functional monomer by multi-step swelling process. They examined the 
effects of organic modifier type, column temperature and flow-rate on the retentivity and 
enantioselectivity for naproxen using a mixture of phosphate buffer and organic modifier 
(acetonitrile, ethanol and 2-propanol) as an eluent. And it was found that when 
acetonitrile was used as an organic modifier, the highest column efficiency was obtained 
for the separation of naproxen enantiomers.[43, 188] 
 
Ping Li et al.,[189] studied the functional monomer-template complexation of (S)-NAP with 
different monomers. The interactions between template and functional monomers of 
MIPs were studied by ultraviolet and infrared spectral analysis and computer simulation, 
with (S)-NAP as template molecule and methacrylic acid (MAA), acrylamide (AM) and 4-
vinyl pyridine (4-VP) as functional monomers. The results showed that the MIP based on 
4-VP possessed the highest imprinting effect while the MIP based on MAA was the 
lowest, which correlated positively with the interaction strength between template 
molecule and three monomers. 
 
Caro et al.,[190] and Mehrdad and Nahid[191] prepared naproxen MIPs and used in real 
applications such as in urine samples and drug delivery, respectively. 
None, to our knowledge, sol-gel process was attempted for the preparation of imprinted 
xerogel for naproxen.  
As mentioned above, the goal of the present work is to compare the imprinted material 
performance in two different polymeric systems such as acrylic and sol-gel. In this work, 
a new attempt has been made for effective imprinting of naproxen using ionic liquid 
based functional monomer, and the relative merits of the acrylic and sol-gel systems 
were compared in terms of microstructure, thermal stability, selectivity and affinity 
properties and mass transfer kinetics.  
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UPTMOS, the template (+)-(S)-2-(6-methoxynaphthalen-2-yl) propanoic acid [(S)-NAP], 
Ethyl chloroformate and EDMA were obtained from Aldrich (Deisenhofen, Germany). 
Sodium salt of naproxen (Na-NAP) was obtained by subsequent removal of the solvent 
form the equivalent mixture of acid form of naproxen with NaOH solution. PETMOS, 3-
iodopropyltrimethoxysilane, Formic acid (FA), TMOS and MTMOS, 
Chlorotrimethoxysilane and 1,1,1,3,3,3-hexamethylsilanedisilazane, N-(3-
Triethoxysilylpropyl)-4,5-dihydroimidazole were purchased from ABCR GmbH, Germany. 
Trifluoroacetic acid (TFA) was procured from Sigma, Germany. Tetrahydrofuran (THF), 
acetonitrile and methanol (MeOH) of HPLC grade were obtained from VWR. All other 
reagents used were of analytical grade. Millipore water of Milli-Q quality (Millipore, Italy) 
was used. 1-Allyl-3-vinylimidazolium bromide (IL-A) obtained from Shanghai Cheng Jie 
Chemical Co. Ltd, China. EDMA was purified by washing consecutively with 10% 
aqueous NaOH, water, brine and finally water. After drying over MgSO4, pure, dry EDMA 
was obtained by distillation under reduced pressure. Si-500-APS porous silica beads 
(average particle size of 30µ) with a surface area of 45 m2/g; an average pore diameter 
of 47.5 nm and an pore volume of 0.81 mL/g was obtained from Fuji Silysia Japan. The 
initiator N,N´-azo-bis-(2,4- dimethyl)valeronitrile (ABDV) was purchased from Wako 
Chemicals (Neuss, Germany). Dry chloroform, acetonitrile, tetrahydrofuran, methanol 
and RAFT agent 4,4′-Azobis(4-cyanopentanoic acid) (ACPA) were obtained from Fluka 
(Deisenhofen, Germany). Concentrated hydrochloric acid and triethylamine (TEA) were 
obtained from Merck (Darmstadt, Germany).  
 
3.3 Synthesis of Ionic liquid sol-gel functional monomer 
 
1-(triethoxysilylpropyl)-3-(trimethoxysilylpropyl)-4,5-dihydroimidazolium iodide (IL-SG) 
was synthesized following a literature procedure Byunghwan Lee.[192] N-(3-
Triethoxysilylpropyl)-4,5-dihydroimidazole (2.74 g, 10 mmol) and (3-iodopropyl) 
trimethoxysilane (2.97 g, 10 mmol) were dissolved in 10mL of dry acetonitrile. The 
mixture was refluxed for 14 h under nitrogen. The reaction is represented in Figure 3.1.  




Figure 3.1: Synthesis of sol-gel Ionic liquid (IL-SG) precursor  
 
Excess acetonitrile was distilled off using rotary evaporator and the resulting product was 
characterized by 1H NMR, 13C NMR and LC-MS. 
IL-SG was synthesized successfully according to the above described procedure as 
confirmed by spectroscopic analysis of 1H NMR (Figure 3.2), 13C NMR (Figure 3.3) and 
LC-MS (Figure 3.4). (1H NMR Data (in CDCl3):  0.38 {m, 4H –CH2Si-(OCH2CH3)3 and 
(CH3)3SiCH2-)},  0.96 (t, 9H –SiOCH2CH3),  1.53 {m, 4H, -CH2CH2Si(OCH2CH3)3 and 
(CH3O)3 SiCH2CH2-},  3.3 {s, 9H (CH3O)3Si-},  3.4 {m,4H = NCH2CH2N= and 
=NCH2CH2N=},  3.5 {q, 6H, -Si-OCH2CH3)3,  3.8 {t, 4H, =NCH2CH2- and –CH2CH2=N-}, 
 8.8 {s, 1H, =NCHN=).13C NMR Data (in CDCl3)  6.1 and 7.3 [-CH2Si(OCH2CH3)3 and 
(CH3O)3SiCH2-],18.4 (-SiOCH2-CH3),  20.9 and 21.2 [-CH2CH2Si(OCH2CH3)3 and 
(CH3O)3SiCH2CH2-],48.4 and 48.5 (=NCH2CH2N= and =NCH2CH2N), 50.2 and 50.3 
(=NCH2CH2- and -CH2CH2N), 50.9 [(CH3O)3Si-], 58.7 [-Si(OCH2-CH3)3,157.8 (=NCHN=). 
NMR results matches well with the published data Byunghwan Lee, 2005[192]. MS (ESI, 
MeOH) m/z: calculated 436.38 and found 437.38 (Figure 3.4). 
Naproxen: Preluding Experiments and Bulk Imprints 








Figure 3.3:13C NMR spectrum of IL-SG 
 
 




Figure 3.4: LC-MS spectrum of IL-SG 
 
3.4 UV Spectrometric analysis of the pre-polymerization 
solution 
 
A series of template–monomer solutions was prepared by adding different amounts of IL-
SG (3) and IL-A (4) (Figure 3.5) to the fixed concentrations of 0.5mmol/L (S)-NAP in 
methanol/chloroform solutions, respectively. The concentrations of ionic liquids in the 
solvents were varied from 0 to 4.5mmol/L. The change in the absorbance of these 
solutions was scanned by a UV-Vis spectrophotometer at 200–1800 nm against the 
relevant ionic liquid solutions as references. 
 
                                        
(1) PETMOS                                          (2) UPTMOS 
 
      2-(2-Pyridyl)ethyltrimethoxysilane                                       1-[3-(Trimethoxysilyl)propyl]urea   
 
 
Bic-MA-IL_110404125901 #5 RT: 0,11 AV: 1 NL: 9,89E6
T: + p ESI Z ms [ 432,00-442,00]
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(3)   IL-SG                            (4) IL-A 
 
 
1-(triethoxysilylpropyl)-3-(trimethoxysilylpropyl)          1-Allyl-3-vinylimidazolium bromide 




Figure 3.5: (1-4) Structure of functional monomers tested for the imprinting of (S)-NAP. 
 
3.5 Synthesis of Bulk Xerogels and Polymers 
 
3.5.1  Sol-gel bulk xerogels synthesis: Hydrolysis 
and Condensation 
 
Imprinted organically modified silica (Ormosil) bulk xerogels were developed by the 
preparation of pre-polymerization mixture containing silane functional monomer, 
crosslinker, tetraethoxysilane (TMOS), solvent, co-solvent, acid or base catalyst and the 
template. Preparation steps are illustrated in Figure 3.6.  
 
 
Figure 3.6: Schematic representation of bulk sol-gel xerogels synthesis  
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In this research, a series of sol-gel imprinted and non-imprinted xerogels (MIXs/NIXs) 
was prepared using the commercially available PETMOS (1), UPTMOS (2) and 
synthesized IL-SG (3) functional monomers (Figure 3.5).  
 
3.5.1.1  Synthesis of xerogels using commercially 
available functional monomers 
 
Sol-gel imprinted/non-imprinted MIXs/NIXs xerogels were first prepared following 
different approaches such as non-hydrolytic replacing water with formic acid,[193] 
hydrolytic using water and low water content with commercially available siloxane 
precursors such as UPTMOS and PETMOS. 
 
In a non-hydrolytic sol gel process, 1.33 g of UPTMOS (6mmol) or 1.29mL of PETMOS 
(6mmol), 1.2mL of TMOS (8mmol), 4.6mL of MTMOS (32mmol) were mixed with 6.8mL 
of HCOOH and collected in a 50mL centrifuge tube. To this above solution 0.5g of (+)-S 
NAP together with 15mL of THF was added.  
 
Low water content approach xerogels were prepared according to previous work[194]. For 
that purpose, 0.16 g of UPTMOS (0.75mmol) or 167µL of PETMOS (0.75mmol), 10mmol 
of TMOS, 50mmol methanol, 102μL of catalyst 95% TFA and 0.046g (0.2 mmol) of the 
template were added and collected in a 50mL centrifuge tube.  
 
3.5.1.2   Synthesis of xerogel MIX/NIX using ionic liquid 
(IL-SG) as functional monomer 
 
In a 50mL centrifuge tube, 423mg of IL-SG (0.75mmol) was mixed with 94.5mg of (+)-S 
NAP (0.375mmol of Na+ salt of NAP) powder and 9mL THF was added together as a 
solvent and finally the 202 µL of water for the MIX-IL-THF synthesis. On the other hand 
for MIX-IL-MeOH kept the same mixture compositions except the addition of 11.6mL of 
methanol instead of THF. In all the above sol-gel contents, the template to functional 
monomer, functional monomer to crosslinker and silane to water content ratio was 
maintained as 1:2, 1:6.6, 1:2, respectively.  
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All the above sol-gel mixtures in a centrifuge tube were then sealed with parafilm and 
punctured with small holes (allowing for slow evaporation of solvent) and the mixture was 
agitated using a magnetic stirrer with pellet. Stirring continued until the gel was formed. It 
was then dried in open air atmosphere. 











Figure 3.7: Schematic representation of sol-gel process. 
 
3.5.1.3   Endcapping of surface silanol groups in MIXs 
and NIXs 
 
The half amount of the dried MIXs/NIXs were endcapped (un-reacted free -OH groups 
were substituted with alkyl groups) and the other part left as non-endcapped to ascertain 
the influence of endcapping on the recognition efficiency in MIXs/NIXs. In an endcapping 
process, a hybrid copolymer was treated with an equimolar mixture of 
chlorotrimethoxylsilane (23 mmol, 2.5 g) and 1,1,1,3,3,3-hexamethyldisilazane (23 mmol, 
3.75 g) at room temperature for 24 h. It was then washed with THF and acetonitrile to 
remove excess reagents.[195] 
 
(S)- sodium salt of naproxen 
TMOS 
IL-SG  
Sol gel process 
MeOH+ Basic water 
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In order to compare the acrylic and sol- gel system performance towards the imprinting 
of (S)-NAP, imprinted and non-imprinted acrylic polymers were also prepared using the 
structurally similar ionic liquid based organic functional monomer IL-A (4) as shown in 
Figure 3.5 and the detail synthesis procedure are as follows. 
 
3.5.2   Acrylic Polymer Synthesis: Classical 
Approach by Free Radical Mechanism 
 
In a typical bulk polymerization process functional monomer, crosslinker, template and 
the initiator were dissolved in an appropriate solvent and the subsequent steps in the 
polymerization process are presented in Figure 3.8. 
 
 
Figure 3.8: Schematic representation of the acrylic bulk polymerization 
 
In this work, acrylic imprinted polymer was prepared using the (+)-S NAP as template, IL-
A (4) (Figure 3.5) as functional monomer, EDMA as crosslinker and CHCl3 as porogen.  
Thus (+)-S NAP (230 mg, 1 mmol), IL-A monomer (4) (860 mg, 4 mmol, EDMA (3772 µL, 
20 mmol) and initiator ABDV (1% w/w of total monomers) were dissolved in CHCl3 (5.6 
mL). The solution was transferred to a glass ampoule, cooled to 0oC and purged with a 
flow of dry nitrogen for 5 minutes. The tube was then flame-sealed while still under 
cooling and the polymerization initiated by placing the tubes in a thermostatted water 
bath pre-set at 40-50oC. After 24h the tubes were broken and the polymers lightly 
crushed.  
The bulk free radical polymerization mechanism is represented in Figure 3.9 and as 
follows. 
- 50C 
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In a free radical polymerization, propagation occurred 
by the addition of active IL-A and EDMA radicals to the 
growing polymer chain. Finally termination began 
when two radicals come together to form a dead 
polymer. It is important to mention here that in the 
FRP, the propagation occur randomly with no control 
of polymerization leading to the random uncontrolled 
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The summary of the formulation of the pre-polymerization mixtures for all the imprinted 
and non-imprinted materials is presented in Table 3.2. 













































































































































Designation: U-UPTMOS, P-PETMOS, NH-non-hydrolytic, LW-low water, IL-ionic liquid 
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3.5.3  Template Removal 
 
Lightly crushed MIXs/NIXs (both endcapped and non-endcapped) and MIP/NIP were 
thereafter washed to remove the target using Soxhlet apparatus with a solution of 
methanol containing 10 % formic acid. Washing was monitored by HPLC and the 
washing continued until it showed undetectable levels of (+)-S NAP. The materials were 
then crushed in a mortar and sieved to promote a selection of particles with sizes in the 
ranges 25 to 45 and 45-75 μm, respectively. 45-75 μm particles were used in solid phase 
extraction (SPE) technique, whereas 25-45 μm particles were used for packing the 
HPLC-columns to evaluate their binding properties. 
 
3.5.4  Material characterization 
 
The surface micrographs were acquired using a Hitachi H-S4500 FEG Microscope in 
secondary electron mode with an acceleration voltage of 1. The samples were deposited 
on holders with a carbon foil without gold sputtering.  Thermogravimetric analysis was 
carried out using a TGAQ50 (TA instruments, Eschborn, Germany). The sample (10-
15mg) was placed in a platinum pan, which was suspended in a sensitive balance 
together with the reference pan. The sample was then heated in a furnace at a heating 
rate of 200C/min, under N2 atmosphere. The surface area and the pore parameters were 
performed on a Quantachrome Autosorb 6B (Quantachrome Corporation, Boynton 
Beach, FL) automatic adsorption instrument. Prior to measurements, 100-150 mg of the 
samples were heated at 40-60ºC under high vacuum (10-5 Pa) for at least 12 hours. The 
specific surface areas (S) were evaluated using the BET method, the specific pore 
volumes (Vp) following the Gurvitch method and the average pore diameter (Dp) using 
the BJH theory applied to the desorption branch of the isotherm.  
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3.5.5  Solid Phase Extraction 
 
Solid-phase extraction cartridges, were packed with 200 mg of the (+)-S NAP imprinted 
(45-75 μm) or the corresponding non-imprinted xerogels. The cartridges were 
conditioned with 5 mL of water, and the sample (1mL) containing the 3ppm (S)-NAP, 
dissolved in MeOH, was percolated at a constant flow rate of 0.5 mL min-1 in Visiprep 
(Supelco, Bellefonte, USA)  SPE processing station manifold. After loading, 1mL of water 
was used as the washing solution. The cartridges were thereafter subjected to an elution 
step by percolating 1mL of a MeOH (5%  formic acid). The elution fractions (loading, 
washing and elution) from the SPE column were directly monitored by reversed phase 
HPLC (Hewlett-Packard HP 1050 instruments, Agilent Technologie, Waldbronn, 
Germany) with a Nucleosil ODS C8 column (25 x 0.46 cm) of 5m particle. The mobile 
phase MeOH/H2O: 70/30 (2% Acetic acid) was flowed through the column at 0.65mL/min 
and the detection performed by UV absorbance at 230 nm. The resulting peak areas 
were used to calculate the amount of bound analyte on the polymer. Each data point is 
based on the average of two replicate measurements and the recovery % was calculated 
according to the Eq.3.1. 
                        [Load] –[Eluate] 
Recovery (%) = 100 –           X 100  
                              [Load] 
Equation 3.1 
Regeneration of the SPE cartridge was achieved by re-conditioning with 5 ml of MeOH 
and reequilibrated with 5 mL of water.  
 
3.5.6  Chromatographic Evaluation 
 
The MIXs/NIXs and MIP/NIP materials were typically slurry packed into stainless steel 
columns (50x4.6mm), using MeOH/H2O 80:20 (v/v) as pushing solvent, and evaluated 
chromatographically. Pure methanol with 0.05 and 0.1% acetic acid was used as a 
mobile phase for MIXs/NIXs and MIP/NIP, respectively. The flow rate was fixed as 
0.5mL/min if not otherwise mentioned. Aliquots (20μL) of 10ppm solutions of (S)-NAP 
and 30 ppm of IBU prepared in methanol were injected. The elution was monitored at 
230nm.  
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The retention factor (k), the selectivity (α) and the imprinting factor (IF) were calculated 
using the following formulae k=(t-t0)/t0; α =kNAP/kIBU  and IF=kMIP/kNIP where t is the 
retention time of the template naproxen or the analogue ibuprofen t0 is the retention time 
of the void marker. The binding properties of the materials were determined by classical 
staircase frontal analysis. For this purpose, stock solutions of naproxen or ibuprofen 
were prepared in methanol+0.05% acetic acid mobile phase at two different 
concentrations: 0.05 and 0.5mM. These solutions were used as mobile phase 
components at different percentages, mixing with pure mobile phase (0.05% acetic acid), 
and thus allowing eluent gradient. All experiments were made in order of increasing 
concentrations without washing cycles in between the staircases. At the end of the 
experiments the column was flushed for 1 hour at 1mL/min using 100% methanol with 
5% formic acid. Experiments were carried out at room temperature keeping the flow rate 
constant at 0.5mL/min and recording the signals at 230nm. The sample concentration in 
the stationary phase (q) at equilibrium with concentration C in the mobile phase was 
calculated using the following integral mass balance Eq. 2.26 for a series of n successive 
steps. 
The adsorption isotherm data obtained for each material were then fitted to various 
isotherm models as described in Chapter 2, Section.2.6.3.2. 
        
3.6 Results and Discussion 
 
3.6.1  The Common Functional Monomer Issue 
  
Mosbach’s group reported the synthesis of acrylic imprints for the (S)-NAP using vinyl 
pyridine as functional monomer.[47] Therefore, the search for a suitable functional 
monomer common to both acrylic and sol-gel approaches began with the pyridine group. 
A siloxane functional monomer with the pyridine ring, PETMOS (1) was found 
commercially available and tested for the sol-gel process. Expectedly, PETMOS would 
be capable of a strong acid-base interaction with the acidic end of carboxylic acid group 
in naproxen resulting in a stable M-T complex.  
Xerogels were prepared according to the procedure described in experimental part with 
the compositions as presented in Table 3.2. Quick evaluation was conducted by SPE 
and all the synthesized MIXs/NIXs- EC/NEC (endcapped and non-endcapped)  using 
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PETMOS showed a negligible MIX to NIX difference in the sorption behaviour in loading, 
washing and in all eluting steps performed (see Figure 3.10  for a typical result). 
Therefore no imprinting behaviour was observed, indicating essentially the non-specific 
nature of the binding sites in these MIXs/NIXs.  
 
 
Figure 3.10: SPE results of MIX/NIX-NEC prepared using commercially available sol-gel functional monomer PETMOS. 
 
In case of such unsatisfactory results, UPTMOS (2) was in turn tested as a possible 
alternative functional monomers expected to be able to create a multiple hydrogen 
bonding interaction via its –HN-CO-NH2 terminal group with the –COOH group of (S)-
NAP, forming a more stable M-T complex. However, also unsatisfactory results were 
obtained with UPTMOS (data not shown) and so that led to the consideration of a 
stronger M-T interaction such as that based on ionic pairing. 
It was thus expected that IL-SG would interact strongly with the template naproxen. 
Electrostatic interaction between the positively charged imidazolium ring in IL-SG and 
the negatively charged carboxylate moiety in the template sodium salt of (S)-NAP could 
then be the foundation of better selectivity in the imprinted matrix. The schematic 
representation of the interaction between the IL-SG and NAP in the sol-gel process is 
shown in Figure 3.7. 
As a preliminary verification of our expectations about this monomer, as well as to check 
if the acrylic counterpart would work and help choosing the best suitable solvents, we 
carried out UV-Vis measurements. NMR titration experiment was tried first, but 
unfortunately one could not clearly observe the δ shift of the expected proton due to the 
salt formation (see Annex 1). 
















MIXP-NH/NIXP-NH- NEC :Load : 
1ppm (S)-NAP in water- 1mL, W I : 
water -1mL , E I : 30% MeOH -1mL , 
E II :40/60, MeOH/H2O +1%AcOH, E 
III : 70/30, MeOH/H2O +1%AcOH - 
1mL,E IV : MeOH -1mL, E V : MeOH 
-1mL. 
 




Figure 3.11: UV absorption spectra of (S-NAP)-(IL-SG) in methanol. (S-NAP): 0.5 mmol/L;  (IL-SG)/(mmol/L) from 0 to 4.0 
mmol/L ; Corresponding IL-SG as references; from 0-4.0 mmol/L. 
 
 
Figure 3.12: UV absorption spectra of (S-NAP)-(IL-A) in chloroform. (S-NAP): 0.5 mmol/L;  (IL-A)/(mmol/L) from 0 to 4.5 
mmol/L ; Corresponding IL-A as references; from 0-4.5 mmol/L. 
 
From Figures 3.11 and 3.12, it is clearly seen that the absorption maxima of the (S)-NAP 
moved continuously to higher wavelengths (red shifted) with the addition of the functional 
monomers, IL-SG and IL-A. Further it is obviously noticed that the absorption intensity 
decreased by the addition of functional monomers. This behavioural red shift with the 
decrease in the intensity of the spectrums after addition of the functional monomers (IL-
SG and IL-A) to a fixed concentration of naproxen solution depicts the fact that there is a 
formation of M-T complex by intermolecular interaction between naproxen and functional 
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naproxen and found that a strong interactions occurred between  4-VP and the template 
molecule.[196] 
 
Also, the titration results of the addition of UPTMOS and PETMOS to fixed concentration 
of (S)-NAP in methanol are shown in Figure 3.12 a and b. It is clearly noticeable that no 
appreciable change occurred in the absorption spectra implying that those functional 
monomers do not interact significantly with the template naproxen. Most likely the 
molecules of the polar solvent methanol were too strong competitors for the hydrogen 
bonds between the template and the functional monomers, disrupting the M-T 
association, but not strong enough competitors for the ionic interaction between the IL 
and template. 
 
   
Figure 3.13: a): UV absorption spectra of (S-NAP)-(PETMOS) and b). (S-NAP)-(UPTMOS) in methanol. (S-NAP): 0.5 
mmol/L;  (PETMOS/UPTMOS)/(mmol/L) from 0 to 4.0 mmol/L ; Corresponding PETMOS/UPTMOS as references; from 0-
4.0 mmol/L. 
 
   
Figure 3.14 a) and b) : UV absorption spectra of (S-NAP)-(IL-A) in MeOH and ACN. (S-NAP): 0.5 mmol/L;  (IL-A)/(mmol/L) 
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Furthermore, it was found that chloroform was the appropriate solvent for the synthesis 
of acrylic imprinted polymer. There was no changes in the absorbance bands observed 
when the titration was made in methanol and acetonitrile (Figure 3.14 a and b) for IL-A 
with naproxen. This behaviour demonstrates that the polar solvents such as methanol 
and acetonitrile inevitably weakened the M-T complex stabilization. Therefore, in 
methanol, it seems that the IL-SG-NAP association strength is higher than the IL-A-NAP 
association strength what may possibly be explained by the fact that, although the 
functional group is the same in both functional monomers, the remaining structure of 
such monomers is quite different as can be seen in Figure 3.5. 
 In addition to that, it was considered the optimum ratio of the functional monomer to 
template as being 4 for acrylic and 2 for the sol-gel system, since beyond those ratios, 
there was negligible change in the absorbance shift. These two ratios also provided a 
further indication of a stronger affinity between the IL-SG-NAP pair. 
After the clear observation made in UV-Vis analysis of M-T complexation, imprinted and 
non-imprinted xerogels have been synthesized using the synthesized IL-SG, as 
described in experimental part. MIX/NIX-IL-THF and MIX/NIX-IL-MeOH were prepared 
using aprotic (THF) and protic (MeOH) solvents, in order to understand the imprinting 
behaviour in two different polarities.  
SPE evaluation of these materials (MIX/NIX-IL-THF and MIX/NIX-IL-MeOH) is shown in 
the Figures 3.15 and 3.16. 
 
 

















 SPE steps: 
Load : 3ppm (S)-NAP in methanol- 
1mL, W I : water -1mL , E I : MeOH 
-1mL , E II :0.1% formic acid in 
methanol-1 mL.  
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Figure 3.16: SPE result of MIX/NIX-IL-MeOH prepared using IL-SG using methanol as solvent 
 
It was observed from the SPE result (Figure 3.14) that, MIX-IL-THF xerogel showed no 
imprinting performance and both imprinted and non-imprinted materials are capable of 
retaining almost 100% of the loaded naproxen. This may be explained by the nonspecific 
hydrophobic interactions observed in both cases by the hydrophobic sites of the both 
imprinted and non-imprinted materials. The ca.100% retention of loaded naproxen was 
by the nonspecific binding but not by the imprinting. This can be proved by the template 
aggregation in THF from the Figure 3.16a. 
In aprotic solvent such as THF, template aggregation is likely to be favoured because of 
the poor solvation of the template. That was clearly seen from the Figure 3.16a, a large 
fraction of the template naproxen expelled out at the surface after drying. Similar result 
was observed in previous work[194] which supports our current observation. 
                            
         a.  MIX-IL-THF                  b. MIX-IL-MeOH 
(Clear observation of template                                           (uniform dry gel without any      
       aggregation)                                              template aggregation) 
                                                                                     


















Load : 3ppm (S)-NAP in 
methanol- 1mL, W I : water -
1mL , E I : MeOH -1mL , E II 
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On the other hand, in polar solvent (MeOH), the template naproxen showed better 
solvation (Figure 3.17b) and thus result in the SPE testing of MIX-IL-MeOH as showed in 
Figure 3.16. 
It is clearly shown that, MIX-IL-MeOH demonstrated a much higher affinity with a 
retention of ca.100% for 3ppm naproxen load (in MeOH) and can be easily and 
completely eluted with 5% formic acid in MeOH, whereas in NIX-IL-MeOH, about 85% of 
naproxen was recovered while loading and the remaining was eluted with water washing 
and elution steps. This result clearly indicates that under these conditions of loading the 
MIX-IL-MeOH was capable of binding the template with a much higher affinity than the 
NIX-IL-MeOH. This constituted a promising result concerning the imprinting of naproxen 
in MIX prepared using IL-SG, and therefore it was decided to characterize further these 
materials. 
As happened with the previous xerogels, a study of the endcapping effect was 
conducted.,- Endcapped MIX/NIX-IL-MeOH showed different retention behaviour in SPE 
testing (Figure 3.18 ) as compared to the non-endcapped materails (Figure 3.16), 
concretely. Both xerogels (EC) retained ca.100% of loaded NAP (in MeOH) and similar 
recovery in all subsequent steps. This behaviour may be explained by the non-specific 
interaction exerted by the insertion of –CH3 groups (Figure 3.19) inherent to the 





























Load : 3ppm (S)-Nap in 
methanol- 1mL, W I : water -1mL 
, E I : MeOH -1mL , E II :5% 
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Figure 3.19: Schematic representation of (a) non endcapped and (b) endcapped xerogels. 
 
3.7  Comparative Pore Structure and Thermal Stability 
 
Molecular imprinting acrylic and sol-gel based materials were prepared using ionic liquid 
based functional monomers IL-A and IL-SG respectively and these materials were 
characterized by TGA, BET and SEM. Direct comparison of both acrylic and sol-gel 
systems were done. The BET specific surface area (S), specific pore volume (Vp) and 
average pore diameter (Dp) were calculated from the nitrogen adsorption isotherms and 
% mass loss was observed from TGA as described in the experimental part. The values 
are collected in Table. 3.3. 
 
Table 3.3: Pore properties of the imprinted and non-imprinted acrylic and sol-gel materials  
Material 
BET 
S, (m2/g) Dp, (nm) Vp, (mL/g) 
MIX-SG-Bu-NAP 2.4 3.0 0.0038 
NIX-SG-Bu-NAP ND 4.9 0.0013 
MIP-Ac-Bu-NAP 313 29 0.55 
NIP-Ac-Bu-NAP 334 29 0.58 
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It is observed from the Table 3.3 that the acrylic polymers exhibited large BET surface 
area (ca. 320m2/g) while for the sol-gel materials it was negligible. Pore distribution 
histograms shown in Figure 3.20 further are in agreement with surface area data, as 
expected.  
 
                 
Figure 3.20: Pore distribution histograms of sol-gel and acrylic imprints with respect to its surface area. Please consult 
Annex 5 for histograms omitted in this section. 
 
The average pore diameter (Dp) of 28nm of acrylic polymer clearly indicates the 
mesoporous nature of those materials. On the contrary the xerogels appear to be 
essentially microporous which is not conveniently dealt with the BET technique.[197, 198] 
Such remarkable difference in porosity is distinctly seen from the scanning electron 
microscopic images from Figure 3.21. It is clearly noticeable in the images of MIP and 
MIX, that the acrylic imprinted material is highly porous (mesoporosity) contrasting with 
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On the other hand, no or little difference in surface areas, pore volume and pore 
diameter between imprinted and non-imprinted materials was found in both acrylic 
system and sol-gel system. This may be explained by the fact that the presence of 
template did not influence on the mesoporous network of the resulting materials.  
 
The mesoporous nature of acrylic polymers with average pore size (Dp of 29nm) as can 
be clearly noticeable from the histogram pore patterns (Figure 3.22), is expected to 
provide an easy accessibility to the inner imprinted cavities as compared with sol-gel with 
microporosity only (less than 2nm) where the diffusion is expected to be hindered.   
 
                  
Figure 3.22: Pore distribution histogram of sol-gel and acrylic imprints with respect to its pore volume. Please consult 
annex 5 for histograms omitted in this section. 
 
For most applications in liquid media, permanent porosity and a large surface area of 
accessible meso and macropores are preferred.[8] 
 
The thermogravimetric analysis (TGA) diagrams of imprinted and non-imprinted acrylic 
and sol-gel materials are shown in Figure 3.23 a and b. Acrylic and sol-gel material 
showed very distinct thermal decomposition profiles. The results demonstrate that the 
ca. 100% decomposition weight loss began at around 250˚ C for both imprinted and non-
imprinted acrylic system. In the sol-gel MIX and NIX, a slow decomposition/degradation 
proceeds from 100 to 400 ˚ C and sudden mass loss of 32% happened at around 400˚ 
C. Besides the Si-O-Si backbone, presence of the organic moieties (-propyl imidazolium) 
in the hybrid xerogel caused a slow degradation starting at relatively low temperature. 
Although the initial mass loss starting around   100 ˚ C is probably due to the release of 
unreacted species or non-removed template, it appears from the TGA results that the 
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Unfortunately, thermogravimetric data gives the information about the material mass loss 
but not about eventual imprinting site disruption, which should occur earlier than mass 
loss, with respect to temperature change. It would be helpful to compare the glass 
transition temperature data of both materials, and then was attempted with Differential 
Scanning Calorimetry analysis. But, as often occurs the glass transition peak was a very 
weak DSC peak lost in the noise.[199]  
 
   
Figure 3.23: Thermogrametric analysis of imprinted and non-imprinted materials of acrylic (a) and sol-gel (b) system. 
 
In order to have detailed information about the disruption of pores with temperature 
towards the MIP performance, it can be suggested to treat the MIP exposed to different 
temperatures. Evaluation of MIP performance after each temperature exposure would 
give much more clear information. 
 
3.8  Comparative Performance Evaluation of Imprinted   
Materials 
 
3.8.1  Selectivity and Imprinting Performance 
 
To allow for the direct comparison of selectivity, acrylic and sol-gel materials were 
packed in small columns and assessed by liquid chromatography for their ability to 
separate the template (S)-NAP and the structural analogue ibuprofen (Table 3.1). 
Ibuprofen was chosen as a reference instead of (R)-NAP after concluding that none of 
 
 
Temperature (C) Temperature (C) 
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the materials was able to separate the enantiomers despite the many chromatographic 
conditions tested. 
In order to calculate the selectivity () and imprinting factor (IF), template, (S)-NAPand 
the ibuprofen in methanol were injected on to the packed columns and the corresponding 
chromatograms are shown in Figures 3.24 and 3.25. 
 
 
Figure 3.24: Chromatographic profile for the acrylic imprinted and non-imprinted materials. HPLC conditions: Column Size 
:50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: MeOH+0.1% acetic acid.  
 
 
Figure 3.25: Chromatographic profile for the sol-gel imprinted and non-imprinted xerogels. HPLC conditions: Column Size 
:50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: Methanol+0.05% acetic acid.  
 
The retention times were noted from the peaks of the chromatograms and the calculated 
values of selectivity () and imprinting factor (IF) of the acrylic and sol-gel materials are 
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MIX 32.40 5.20 6.2 
3.9 24 
NIX 1.35 1.35 1.0 
MIP 7.03 2.86 2.5 
3.6 7.7 
NIP 1.00 0.90 1.1 
selectivity  =k(S)-NAP/kIBU and imprinting factor IF=kMiP/kNiP  
 
It is evident from the Figure 3.24 that, the acrylic imprinted material showed a higher 
retention for the template naproxen than its structural analogue ibuprofen ( = 2.5) 
proving the imprinting behaviour. The non-imprinted acrylic material (NIP) also 
discriminated the template and its analogue but with very less extent ( =1.1). 
Mesoporous nature and the presence of active functional group in the non-imprinted 
materials would explain the ability to discriminate the template and the analogue by non-
specific interaction.[8] 
On the other hand, in sol-gel approach imprinted and non-imprinted xerogels performed 
more distinctly. From the Figure 3.25 it is clearly seen that the imprinted xerogel has a 
much higher affinity for the template naproxen than its structural analogue ibuprofen with 
the high selectivity () of 6.23 which describes the high specific recognition of imprinted 
material. The non-imprinted xerogel did not show any discrimination for the template and 
its analogue ibuprofen (Figure 3.25) with the selectivity () of 1 (Table 3.4).  
The efficiency of the prepared HPLC columns, which in practice relates to the width of 
the chromatographic peak observed at a certain retention time, indirectly provides 
information about the mass transfer kinetics between the supports and the templates and 
also may reflect the degree of heterogeneity of the sorption site. The derived parameters 
were collected in Table 3.5. 
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Table 3.5: Column efficiency determining parameters 
Imprinted material 
Number of theoretical 
plates (N) 
Height equivalent to a 
theoretical plate, mm 
(H) 
MIX-Bulk-NAP 5.88 8.49 
MIP-Bulk-NAP 125 0.39 
 
The results clearly indicated that a much superior column efficiency was observed for the 
bulk MIP with higher N and lower H values.  
To summarize, the sol-gel MIX showed better selectivity characteristics with very low 
column efficiency whereas acrylic MIP presented much better column efficiency but 
associated to reasonable selectivity. The dissimilar efficiencies observed seem to 
indicate that the acrylic materials present better mass transfer kinetics and/or less 
heterogeneous binding site distribution. In order to obtain a deeper look into the acrylic 
and sol-gel materials binding properties such as, capacity, affinity constant, 
heterogeneity index and mass transfer kinetics frontal analysis was conducted. 
 
3.8.2  Binding Properties 
 
Frontal analysis allows to estimate the amount of template or its analogue adsorbed (q) 
onto the imprinted and non-imprinted stationary phase in equilibrium with a given mobile 
phase concentration, C, using the Eq.2.26.  
The data points of (q,C)  (Figures 3.26 and 3.27) were then fitted to the different isotherm 
models such as Langmuir (Eq.2.30), Freundlich (Eq.2.31) and hybrid Langmuir-
Freundlich (Eq.2.32) by non-linear regression and the isotherm parameters are collected 
in Tables 3.6 to 3.8. 
According to the Fisher values it was selected the best fit isotherm model to collect the 
isotherm parameters (Bold in Tables 3.6 to 3.8) to describe the adsorption behaviour of 
the stationary phases (imprinted and non-imprinted acrylic and sol-gel materials). 
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In the case of acrylic materials the data points were best fitted to the hybrid Langmuir-
Freundlich (L-F) model with higher F-values. Some important conclusions can be drawn 
from the best coefficients of the L-F fitting. First, the saturation capacities (q) and binding 
constants (K) of the acrylic imprinted and non-imprinted polymers were drawn for the 
template, naproxen: ca.3249 and 639 µmol/L, 250 and 100 mM-1, respectively.   
For its analogue ibuprofen, the respective values were ca.1161 and 838 µmol/L, 125 and 
100 mM-1. It is clearly shown that the imprinted acrylic polymer exhibited a better 
capacity for the template naproxen, three times higher than for the structural analogue 
ibuprofen, The binding constants data demonstrated the presence of higher affinity sites 
with affinity constant K  of  250mM-1  for naproxen and the lower affinity sites (nonspecific 
binding sites) with the K value of 100mM-1 for ibuprofen. On the other hand, non-
imprinted acrylic polymer showed to have very less capacity and affinity towards 
naproxen and ibuprofen with q* of 639 and 838 µmol/L with the K of 100mM-1 for both 
substances, which in turn reinforce the successful imprinting process in the MIP. Further 
the heterogeneity parameter was also calculated. It was observed that the acrylic 
material exhibited homogeneous binding sites as indicated by “m” value close to 1. The 
symmetric peak obtained in chromatogram (Figure 3.21) for NAP with the MIP material 
agrees with this data.  
 
Table 3.6: Langmuir Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 3.26 and 3.27 
Material    K (mM-1) q*(µmol/L) Chi2 F-value 
Acrylic 
MIP 
(S)-NAP 500±50 5140±456 6099 97 
IBU 200±16 1521±61 1368 99 
NIP 
(S)-NAP 91±8 624±27 1143 93 
IBU 91±8 734±32 1552 78 
Sol-gel 
MIX 
(S)-NAP 250±25 3977± 161 6627 76 
IBU 111±10 647±20 463 60 
NIX 
(S)-NAP 71±7 298±10 197 30 
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Table 3.7: Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 3.26 and 3.27 









(S)-NAP 0.75±0.04 23.72±4.9 13182 50 
IBU 0.58±0.03 32.3±6.9 5934 23 
NIP 
(S)-NAP 0.63±0.02 41.33±9.8 19503 22 
IBU 0.41±0.01 51.49±5.5 1057 35 
Sol-gel 
MIX 
(S)-NAP 0.58±0.02 60.2± 7.9 7143 70 
IBU 0.44±0.02 36.78±4.8 991 78 
NIX 
(S)-NAP 0.37±0.02 27.8±3.0 229 25 
IBU 0.32±0.02 39.3±4.3 322 43 
 
 
Table 3.8: Langmuir –Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 
Figures 3.26 and 3.27 










(S)-NAP 250±8 3249±246 1.06±0.08 3507 151 
IBU 125±7 1161±40 1.05±0.08 14476 169 
NIP 
(S)-NAP 100±7 639±44 1.02±0.10 476 93 
IBU 100±7 838±67 0.86 ±0.07 6976 95 
Sol-gel 
MIX 
(S)-NAP 500±25 4623±1279 0.79±0.08 5103 69 
IBU 143±20 714±76 0.92±0.10 515 54 
NIX 
(S)-NAP 143±22 374±63 0.76±0.12 221 33 
IBU 200±12 427±24 0.61±0.00 148 34 
 
On the other hand, the sol-gel material showed a different adsorption behaviour as 
expected. First, from the Fisher values, it was found that, the Freundlich model was the 
best fit for the imprinted xerogel whereas, L-F model was the best fit for the non-
imprinted xerogel. The Freundlich isotherm does not have a saturation capacity.  
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Hence,  the q* for the imprinted xerogels were estimated at the highest concentration of 
(S)-NAP and IBU and was found to be ca.2986 µmol/L for the template naproxen with 
the higher saturation capacities and much lower number of affinity sites for the analogue 
ibuprofen ca.846 µmol/L (K= 111mM-1). The q* value of the MIX was six fold that of NIX 
proved the imprinting effect in MIX.  
The heterogeneity parameter values for the sol-gel imprinted xerogels were obtained 
from Freundlich isotherm fitting data (Table 3.7). From the Table 3.7, it is clearly 
noticeable that, the approximate value of m=0.5 stated the presence of heterogeneity in 
sites distribution. This is in agreement with the very broad peak (Figure 3.25) obtained 
for the analyte injection in the HPLC column. Also, the broad peak in the chromatogram 
may be partially explained by the poor mass transfer properties due to the microporous 
structure of MIX observed from the BET data (Table 3.3).  
For the sol-gel non-imprinted xerogels, L-F isotherm data were found to be best fit and 
as expected NIX has a lower capacity for the naproxen and ibuprofen with the q* of 374 
and 427 µmol/L, respectively. These values further confirm effective imprinting process 
in MIX. 
Finally, it is interesting to compare the two approaches viz. acrylic and sol-gel with 
respect to the amount of analyte/analogue adsorbed (q*, µmol/g), heterogeneity and the 
mass transfer properties of the stationary phases. Rough estimation of q* in µmol/g was 












Where q*: amount of analyte in the stationary phase in µmol/g, q: amount of analyte in 
the stationary phase in µmol/L, Vst: volume of the stationary phase and mst: weight of the 
stationary phase. To obtain the mass of the stationary phase, rough weight was 
measured weighing the empty and packed column and subtracted with the void volume. 
More accurate mass of the stationary phase will be done by unpacking it.  
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Table 3.9: q* values of the acrylic and sol- materials in µmol/g 
Material   
q* observed 





(S)-NAP 6.29      (LF) 
IBU 2.20      (LF) 
NIP-Ac-Bu-NAP 
(S)-NAP 2.76      (LF) 
IBU 3.62     (LF) 
Sol-gel 
MIX-SG-Bu-NAP 
(S)-NAP 3.71      (L) 
IBU 0.60     (L) 
NIX-SG-Bu-NAP 
(S)-NAP 0.32    (LF) 
IBU 0.36    (LF) 
     L- Langmuir and LH-Langmuir- Freundlich 
 
It is clearly identified from the values that both acrylic and sol-gel imprinted material 
showed a higher affinity towards the template naproxen.  
From the Table 3.9, it is observed that the higher value of q* is about 6 µmol/g for the 
acrylic system whereas, the sol-gel MIX with the 3.71 µmol/g. This difference in affinity, 
can be easily justified by the fact that the use of different ratios of the functional 
monomers  (Template: F.M, 1:4 for MIP and 1:2 for MIX) during synthesis. It is obvious 
that the higher ratio of functional monomer used in the acrylic system caused the 
creation of more affinity sites.  
An interesting observation was obtained from the frontal chromatograms and can be 
used to estimate much different mass transfer kinetics for the two materials. It is evident 
from the Figure 3.27 that acrylic MIP reached the equilibrium much faster (e.g.  7.74 min 
for 10µM) than the sol-gel MIX (16.80 min for 10µM), irrespective of the flow rate and 
concentrations. This may be explained by the existence of micropores in the MIX which 
in fact hinder the easy flow, resulting in the longer equilibrium time. BET, SEM and HPLC 
chromatographic profiles agreed well with this result. 
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Figure 3.28: Frontal chromatograms and equilibrium obtained for the sol-gel (MIX) and acrylic (MIP) bulk imprinted 
materials. 
 
Results obtained from the detailed chromatographic evaluation of sol-gel and acrylic 
materials prove the effective imprinting in MIX and MIP.  
In this present chapter bulk sol-gel and acrylic imprinted materials for the template 
naproxen were synthesized and discussed in detail including the chromatographic and 
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4. Naproxen : Imprints  in Spherical Format 
 
4.1 Introduction  
 
Traditional techniques used to prepare MIPs most often result in materials exhibiting high 
affinity and selectivity but low capacity and poor site accessibility for the target 
molecule.[200] These MIPs consist of particles of irregular shape obtained through a low 
yielding crushing sieving process. The obtained polymer particles which are irregularly 
shaped are not ideal for chromatographic purposes and the grinding process may also 
be detrimental to some of the binding sites. Previous attempts to address these 
problems have well been discussed in the Chapter 1, Section 1.10.1. 
  
This part of the work dealt with achieving a spherical format to overcome the issues of 
bulk materials. For sol-gel approach, the pore filling, and for acrylic, the grafting 
techniques have been followed. 
In the sol-gel method, an approach-pore filling technique was attempted here for the first 
time in the synthesis of spherical imprinted silica matrix, as detailed below. This 
technique was, however, first attempted by Yilmaz et al[87]., for filling up the pores of 
silica spheres with an acrylic imprinted polymer.  
In the acrylic system, spherical formats can be achieved by the use of grafting 
techniques. Polymer grafting techniques provide a versatile tool to covalently modify the 
surface of materials. These techniques can be categorized into “grafting to” and “grafting 
from”. In the “grafting to” technique, the polymer, bearing an appropriate functional 
group, reacts with the material surfaces to form chemically attached chains. However, 
due to the steric hindrance imposed by the already grafted chains, it becomes 
increasingly difficult for the incoming polymer chains to diffuse to the surface, which 
intrinsically results in low surface graft densities. On the other hand, the “grafting from” 
technique refers to polymerizations initiated from the surface of a solid support [201], which 
is also called surface initiated polymerization (SIP).  Because the diffusion of monomer is 
not strongly hindered by the existing grafted polymer chains, this technique is more 
promising to attain high graft densities.[202] 
The “grafting from” technique has been used by several research groups to produce 
imprinted polymer layers on various substrates.[110, 122, 123, 203-205] 
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Sellergren’s research group reported on “grafting from” techniques for the synthesis of 
MIP composite materials with improved kinetic properties.[110, 111, 204] The first of these 
consisted of the use of immobilized azo initiators which allowed the synthesis of  thin film 
MIP composites with much improved mass transfer characteristics.[111] However, as a 
result of only one point attachment of the initiators, solution polymerization resulting in 
phase separation could not be completely avoided. This limits the usefulness of the 
method.  
This problem was overcome by the use of chain transfer agents for controlled radical 
polymerization (CRP). The use of dithioesters has proven particularly versatile in this 
regard.[206-209] These can be structurally tuned to allow polymerization through the so-
called RAFT (Reversible Addition−Fragmentation chain Transfer) mechanism (previously 
explained in Section 2.3.2). This facilitates a fast capping of the majority of the 
propagating chains by the RAFT agent followed by the establishment of a dynamic 
equilibrium between growing and dormant chains. (Figure 2.4) 
What distinguishes RAFT polymerization from all other methods of controlled/living free-
radical polymerization is that it can be used with a wide range of monomers and reaction 
conditions and in each case it provides controlled molecular weight polymers with very 
narrow polydispersities (usually <1.2; sometimes <1.1). 
The added value of CRP comes from the degenerative nature of the chain growth 
leading to shorter, more uniform primary chains and potentially high regular 
homogeneous network. The latter may positively impact the fidelity and reduce the 
binding site heterogeneity commonly observed for molecularly imprinted networks. 
The ability to control the structure and composition of materials at a nanometer scale is 
the key to a number of advanced functions within diverse areas such as drug delivery, 
diagnostics and sensing, molecular electronics, catalysis, separations, or as mimics of 
biological systems.[210, 211] 
SIP combined with CRP is promising to allow polymer films with controllable thickness, 
composition and defined structures. For instance, starting from an inorganic support of 
known morphology, nanocomposites can be synthesized by grafting an organic polymer 
film onto the surface.  
To obtain a spherical format, in this work, the thin walled beads were produced using the 
“grafting from” method by controlled radical polymerization (CRP) via RAFT mechanism 
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from porous amino modified silica beads (Si500-APS) following previously reported 
procedures.  
The resulting composites were then compared in terms of chromatographic efficiency 
and pore properties.  
 
4.1.1   Sol-gel Spherical Format: Pore Filling Method 
 
The production of spherical bead naproxen-imprinted xerogels was based on the same 
pre-polymerization mixtures developed for bulk preparation. In a commercially available 
spherical silica particle the prepolymerized mixture is allowed to fill the pores and hence 
form the gel. This gel is covalently attached to the silica beads via spontaneous surface 
hydroxyl condensation, thus producing very stable composites that are in the form of 




Figure 4.1: Schematic representation of novel pore filling process 
 
4.1.2   Acrylic spherical format: grafting technique 
by controlled radical polymerization 
 
Thin imprinted films grafted from inorganic support materials have recently shown great 
promise in terms of offering improved chromatographic efficiencies.[103, 110, 111, 122, 123, 204, 
212] In order to test whether this is true for our templates, we produced grafted composite 
materials based on the same pre-polymerization mixtures developed for bulk 
polymerization. Thus, imprinted polymer films were grafted from a common silica support 
using an immobilized RAFT (Reversible addition- fragmentation chain transfer) agent. 
 After pore filling Bare silica 
support 
 After removal of the 
template 
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Evaluation has been performed by characterizing the pore structure, morphology and 
template recognition of the polymers. This study highlights the dependence of grafted 
film thickness on the binding site distribution and structural properties of the materials. A 




Figure 4.2: Schematic representation of novel grafting technique 
 
4.2   Experimental  
 
4.2.1  Sol-Gel Spherical Format 
 
In the pore filling process, to obtain a spherical format Si500 (Particle size : 45-75µ; Dp.: 
45nm) silica was used as a solid support. Activation of the surface was achieved by the 
following reaction. 
 
4.2.1.1   Silica Surface Activation (Si-500) 
 
In a 500mL three necked round bottom flask, 300 mL (115mL HCl+ 185mL H2O) of 17 % 
HCl were poured using a funnel. The round bottom flask was equipped with a condenser 
and an overhead stirrer. The calcined silica (20 g) was added in small portions while 
stirring. The flask was placed in an oil-bath (electronic-thermometer; 150°C; heater: 
200°C) and the suspension was subsequently refluxed for 24h. The silica was filtered 
through a glass filter funnel and washed twice with 150 mL aliquots methanol. Finally, 
the silica was dried in a vacuum oven at 80°C for 4h and at 150°C for 12h. 





Grafted with imprinted 
polymer 
After removal of 
template 
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 17 % HCl 
      +                                                                  
200°C 
 
   
 
Figure 4.3: Rehydroxylation of siloxane groups  
 
4.2.1.2   Pore Filling 
 
The filling of the silica pores was then performed by injecting the polymerization solution 
(Table 4.1) into a packed bed of silica beads in a glass column and by allowing it to enter 
into the pores at elevated pressure (2-3 bars). This procedure was followed by removal 
of the interstitial polymerization solution by washing with isooctane and thereafter by 
hydrolysis and condensation at 60º C (Figure 4.4). For pore filling, experimental 
conditions were optimized in regard of solvent and duration of material under nitrogen 
pressure. Imprinted (MIX-SG-S-NAP) and non-imprinted (NIX-SG-S-NAP) sol-gel pore 
filled spherical particles were obtained by the above described procedure. 
For the direct comparison, molar ratios of the functional monomer and the template were 
maintained the same, in order to mimic the bulk approach.  (Ratio of T:F.M:C.L  is 
1:2:6.6) 
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Figure 4.4: Schematic illustration of sol-gel pore filling reaction. 
 
4.2.2   Acrylic Spherical Format 
 
For the RAFT immobilization amino modified spherical silica beads (Si500-APS) (Fuji 
Silysia  Japan) (30 μm average particle size) with a surface area (S) of 45 m2 g−1, an 
average pore diameter (Dp) of 47.5 nm and a pore volume (Vp) of 0.81 mL g−1 was used.  
 
4.2.2.1  Immobilization of RAFT agent onto Si500-APS  
 
In a three-necked round-bottom flask (250 mL), equipped with a dropping funnel, an 
overhead stirrer, and an ethanol thermometer, 200 mL of dry THF was introduced, and 
the flask purged with nitrogen. For 25g of Si500-APS: 1.395 g of 4-cyanopentanoic acid 
dithiobenzoate, 543 mg of ethylchloroformate, and 506 mg of triethylamine were 
consecutively added. The mixture was then cooled at −78 °C using a liquid-nitrogen-
ethanol bath. After stirring for 30 min, amino modified silica (Si500-APS: 25 g) was 
added to the mixture, and the suspension was stirred for 3 h at −78 °C and then for 4 h 
at −10 °C. The product was then filtered, washed with THF and MeOH, and dried under 
vacuum at room temperature. RAFT immobilization reaction is illustrated in Figure 4.5. 
Silica Pore 
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Figure 4.5: Illustration of RAFT immobilization onto Si500-APS silica 
 
The surface density of RAFT agent calculated based on % mass loss by TGA was 120  
μmol/g (Si500-RAFT). This was calculated according to the following equation. Eq.4.1 






=     
𝑊𝑠𝑖𝑙𝑖𝑐𝑎−𝑅𝐴𝐹𝑇(100−900)
100 − 𝑊𝑠𝑖𝑙𝑖𝑐𝑎−𝑅𝐴𝐹𝑇(100−900)  𝑋 100 − 𝑊𝑠𝑖𝑙𝑖𝑐𝑎−𝑁𝐻2(100−900) ∗ 10
6




Where, WSi-RAFT (100-900) and WSi-APS (100-900) are the % weight loss observed for the Si-APS 
before and after RAFT immobilization. 
 
In order to control the thickness of the polymer film, required volume of the pre-
polymerization composition was calculated according to the following method. (Figure 
4.6) This approach has been successfully applied for the synthesis of composite polymer 










Volume of pre-polymerization solution calculation 
 
Required volume of the pre-polymerization mixtures of functional monomer, crosslinker 
and the template to obtain the expected thickness, have been calculated using the BET 
data.  
In an ideal case (Figure 4.6), assuming silica particles containing spherical pores and the 
homogeneous non-porous polymer film (desired thickness) inside, one can easily 
calculate the area coverage before and after controlled polymerization using the 
following equation. 
Area =πr2. 









Figure 4.6 Calculation of required volume of pre-polymerization mixture for nanometer tunable thickness polymer 
synthesis. 
 
Then the calculated areas are directly related to the total pore volume obtained from BET 
and then corresponding volumes of functional monomer, crosslinker, and the template 
were calculated with the known ratios used in bulk polymerization.   
In this work, to obtain a 6nm thickness of imprinted (MIP-G-S-NAP) and non- imprinted 
(NIP-G-S-NAP) grafted layers inside silica pores, the required volume/amount of the 























Pore dia after grafting 
Dp= 40- (6+6) nm 
Area= πX142 
Pore dia before grafting 
        Dp=40nm 
Area = πX202 
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functional monomer, cross linker and template was calculated using the above described 
method and the resulting values are presented in Table 4.2. 
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4.2.2.2   Grafting of Polymer from RAFT-Modified Silica  
 
It is worth mentioning that the polymerization characteristics such as thickness of the 
film, volume of the solvent and RAFT to Initiator ratio was fixed from previous optimized 
studies.[122, 123] Hence, in this work, the thickness of 6nm was aimed using 10:1 RAFT: 
ABDV ratio and 10mL of  solvent. 
For grafting, RAFT immobilized silica particles (Si500-RAFT) (1g) were suspended in a 
pre-polymerization mixture containing (S)-NAP (20.3 mg, 1 mmol), IL-A (75.9 mg, 4 
mmol), and EDMA (0.333 mL, 20 mmol) dissolved in 10 mL of dry chloroform.  
The polymerization mixture was subjected to three freeze–thaw cycles under nitrogen 
thereafter the initiator ABDV (1.74 mg) was added. This corresponds to a ratio of 
RAFT/initiator of 10:1. Polymerization was initiated at 50 °C for 24 h. After polymerization 
the particles were filtered through a sintered glass funnel and washed with 
methanol/formic acid, 90:10(v/v) and pure methanol and then the polymer was dried 
under vacuum at 40 °C overnight. 
The various steps involved in RAFT mechanism which consist of chain initiation, Chain 
propagation and RAFT equilibrium are depicted in Figure 4.7.   














































































































Chain propagation : CRP 
In a chain propagation step, active species 
of functional monomer and crosslinker 
radicals subsequently generating 
copolymer radical chain. A copolymer 
radical chain then react with the RAFT 
agent immobilized on silica porous surface 
to form a RAFT adduct radical (Step 2). 
This may undergo a fragmentation reaction 
in either direction to yield either the starting 
species or a radical and a polymeric RAFT 
agent. This is the most significant 
reversible step in which the intermediate 
RAFT adduct radical is capable of losing 
either the ® group or the polymeric 
species. By this way, RAFT afford to 
control the thickness of polymer chain. The 
leaving group radical (R °) then reacts with 
another IL-A or EDMA, starting another 
active polymer chain (Step 3). 
 
Main RAFT equilibrium 
This is the most important part in the RAFT 
process, in which, by a process of rapid 
interchange, the present radicals are shared 
among all species that have not yet undergone 
termination. Ideally the radicals are shared 
equally causing chain to have equal 
opportunities for growth and narrow polymer. 
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4.3  Results and Discussion 
 
In an attempt to establish a reliable comparison between sol-gel and acrylic spherical 
formats, various techniques such as BET, TGA, SEM and chromatographic evaluation 
have been carried out and the results are discussed in the following sub-sections: 
 
4.3.1  Comparative pore structure and Thermal 
stability 
 
Pore property data of the pore filled (MIX/NIX-PF-S-NAP) and grafted (MIP/NIP-G-S-
NAP) composites are collected in Table 4.3. 
 










Bare silica (Si-500 )-solid 
support 
45 40 0.81 
MIX-PF-S-NAP 54 3.0 0.06 
NIX-PF-S-NAP 51 3.0 0.06 
MIP-G-S-NAP 62 29 0.27 
NIP-G-S-NAP 64 29 0.28 
   
 
It revealed a slight increase in surface area and a vast decrease in the pore volume and 
pore diameter of the MIX/NIX-PF-S-NAP and MIP/NIP-G-S-NAP, when compared to the 
starting material, clearly indicating that polymerization occurred inside the pores. 
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Particularly, in MIX/NIX-PF-S-NAP the pore diameter and pore volume of the resulting 
material decreased steeply from 40 nm to 3 nm and from 0.81 to 0.06mL/g, respectively 
due to the pore filling process. On the other hand in MIP/NIP-G-S-NAP, pore diameter 
decreased from 40nm to 29nm and pore volume from 0.81 to 0.27 revealing the 
controlled grafting process with the tuned thickness of the polymer layer. Pore 
distribution histograms of the spherical formats are in good agreement with the above 
observed result (Figure  4.8 a and b). 
 
 
   
Figure 4.8 a and b : Pore distribution histograms of sol-gel and acrylic spherical imprints with respect to its pore volume. 
Please consult annex 5 for histograms omitted in this section. (Note: For bare silica the data has taken from the Fuji 
Silysia certificate, the manufacturer, Japan) 
 
It is clearly seen from pore size distribution histograms (Figure 4.8 a and b) that in case 
of sol-gel (MIX-PF-S-NAP) the pores were almost completely filled whereas in acrylic 
(MIP-G-S-NAP) the average pore size decreased, in a magnitude compatible with the 
expected polymer film thickness. 
The thermogravimetric analysis curves of the MIX/NIX-PF-S-NAP and MIP/NIP-G-S-NAP 
(Figures 4.9a and b) are also in agreement with the polymerization inside the silica 
pores. In the case of sol-gel pore filled xerogels (MIX/NIX-PF-S-NAP), a tail from 100 to 
350°C can be attributed to the loss of water molecules and the surface silanol groups 
and mass loss increased to 8% at 400°C due to the decomposition of organic 
imidazolium moiety present in the hybrid sol-gel matrix (Figure 4.9a). In addition to that, 
from the TGA mass loss data, the amount of sol-gel xerogel filled inside the silica pores 





































a. MIX-PF-S-NAP b. MIP-G-S-NAP 
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Figure 4.9: Thermogravimetric analysis of imprinted and non-imprinted spherical formats of sol-gel (a) and acrylic (b) 
system. 
 
On the other hand, a rapid weight loss (ca. 18%) occurred for MIP/NIP-G-S-NAP at 
400°C due to the thermal degradation of the grafted polymer onto the silica support. 
Furthermore, it was noticed that, in Figure 4.9b, the ca. 3% weight loss for the Si-APS-
RAFT (prior to polymerization) agrees with the immobilized RAFT agent on the silica 
support. 
Further, from BET and TGA data, the thickness of the the grafted polymer film/pore filled 
xerogels, d (nm) inside the solid silica support was caculated using the Eqs 2.18 and 
2.19 and the values from both methods are gathered in Table 4.4. 
 
Table 4.4: Thickness of the grafted polymer 
Material  
Pore filled / Grafted layer thickness d (nm) 
Expected 
thickness, d (nm) 
From BET From TGA 
MIX-PF-S-NAP 18.5* 17.0* 40* 
NIX-PF-S-NAP 18.5* 21.0* 40* 
MIP-G-S-NAP 5.5 5.0 6.0 
NIP-G-S-NAP 5.5 5.3 6.0 
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As can be seen in Table 4.4, the thickness calculated by two independent methods for 
MIP/NIP-G-S-NAP gave similar values showed the reliability of these methods. 
 
Furthermore, microscopic images were observed (Figure 4.10), showing the surface 
textures of the pore filled/grafted composites in respect to the solid support. The surfaces 
of the pore filled spherical MIX (MIX-PF-S-NAP) and grafted MIP (MIP-G-S-NAP) were 
observed relatively smooth and identical to the solid support, even at higher 
magnification of 300nm, suggesting that the MIX or MIP was polymerized mainly inside 
silica pores and not on the outer-surface. The image of a silica particle representing the 
result of major outer-surface polymerization is also provided (Figure 4.11) for 
comparison. 
 
a. Si-APS (Si-500) solid support 
                          
  
b. MIX-PF-S-NAP 
                           
 
c. MIP-G-S-NAP 
                             
 
Figure 4.10: Scanning electron microscopic images of a. Si-APS solid support b. imprinted sol-gel (MIX-SG-S-NAP) and 
c. acrylic (MIP-G-S-NAP) spherical composites. 
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Figure 4.11 : Example of SEM image where the polimerization occurred mainly on the outer-surface of the silica support. 
 
To summarize, the composite materials were characterized by BET, TGA and SEM 
techniques and the materials were further studied to evaluate their chromatographic 
performance and the results obtained are described in the following section. 
 
4.3.2  Comparative Performance Evaluation of 
Imprinted Composites 
4.3.2.1  Selectivity and Imprinting Performance 
 
MIX/NIX-PF-S-NAP and MIP/NIP-G-S-NAP composites were then slurry packed into the 
HPLC columns and evaluated for their ability to resolve and retain the template naproxen 
and its analogue ibuprofen. The elution profiles resulting from the injection of the 




Figure 4.12: Chromatographic profile for the sol-gel spherical imprinted composite (HPLC conditions: Column Size : 50 X 
4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: methanol+0.05% acetic acid.  















Figure 4.13:  Chromatographic profile for the sol-gel spherical non- imprinted composite Table(HPLC conditions: Column 
Size : 50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: methanol+0.05% acetic acid.)  
 
 
Figure 4.14:  Chromatographic profile for the acrylic spherical imprinted composite (HPLC conditions: Column Size : 50 X 
4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: methanol+0.1% acetic acid.)  
 
 
Figure 4.15:  Chromatographic profile for the acrylic spherical non-imprinted composite  (HPLC conditions: Column Size : 
50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: methanol+0.1% acetic acid).  
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It is clearly noticed from the chromatograms (Figure 4.12 and 4.14) that both imprinted 
composites have a higher selectivity towards the template naproxen (comparing to the 
non-imprinted counterparts), being able to discriminate well the structural analogue 
ibuprofen. 
In order to have a better interpretation of the chromatographic performance of the 
composite materials, retention factors and imprinting factors were calculated and the 
results are showed in Table 4.5. 
 













MIX-PF-S-NAP 12.87 2.63 4.89 
4.39 12.74 
NIX-PF-S-NAP 1.01 0.6 1.68 
MIP-G-S-NAP 1.64 0 Highly selective 
0.0 6.16 
NIP-G-S-NAP 0.27 0.03 9.00* 
*High error expected due to very low retention time. 
 
It is noticed that the sol-gel spherical imprinted composite (Table 4.5) exhibited higher 
retention for the template (k of 12.87), but the ibuprofen was weakly retained (k of 2.63). 
On the other hand imprinted grafted composite retained naproxen with k of 1.64 and 
exhibited no affinity for ibuprofen. The above selectivity results clearly indicated the 
successful imprinting in both imprinted MIX-PF-S-NAP and MIP-G-S-NAP composites.  
As far as selectivity is concerned, the MIX and MIP are shown to be more selective with 
higher  (6.2 and 2.5) than NIX and NIP ( =1.0and1.1). This clearly indicating the 
higher selectivity observed in MIX/MIP for template NAP over IBU. 
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Imprinting efficiency of the imprinted materials was well demonstrated from the higher IF 
values observed for the naproxen in Table 4.5.  The huge difference between the k and 
IF values observed by the sol-gel and acrylic composites may be attributable to the 
higher content of sol-gel matrix inside the silica pores (Tables 4.3 and 4.4). For a better 
understanding, cf. the amounts of pre-polymerization mixture used for the pore filling and 
the grafting techniques in Tables 4.1 and 4.2. 
Non-imprinted composites (sol-gel and acrylic) also separate the structurally similar 
analogues but the magnitude is remarkably low. The separation is likely due to the non-
specific interaction controlled by hydrophobicity (log P for NAP: 2.8 ; IBU: 3.5-3.8).  
In addition, the effect of endcapping the sol-gel composites was studied. The k,  and IF 
obtained for non-endcapped (MIX-PF-S-NEC) and endcapped (MIX-PF-S-EC) 
composites are presented in Table 4.6. 
 














MIX-NEC 12.87 2.63 6.2 
4.39 12.74 
NIX-NEC 1.01 0.6 1.0 
MIX-EC 32.98 8.88 3.71 
9.06 13.04 
NIX-EC 2.53 0.98 2.57 
 
From Table 4.6, it was clearly seen that the structural analogues separation ability of the 
endcapped MIX decreased (= 3.71) when compared to the non-endcapped MIX 
(=6.2). Further it was noticed that endcapped NIX was also capable of separating the 
NAP and IBU with  = 2.57, whereas the MIX-NEC was incapable of separating the 
analogues (=1.00). In addition, a marginal increase of IF for the template naproxen 
(from 12 to 13) and a significant increase for the ibuprofen (from IF of 4 to 9) was 
observed. The above results clearly demonstrating the endcapping of the composites 
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does not show any significant improvement in the chromatographic behaviors rather it 
increases the non-specific interactions due to microstructural change occurred during 
endcapping process. 
Interesting behavior was observed in endcapped composites (MIX/NIX-EC) that increase 
in hydrophobicity alter the retention behavior of the template (NAP) and analogue (IBU) 
in a similar fashion. That clearly seen from the IF values observed for MIX/NIX-EC. 
Hence, it was necessary to look for the other rational factor that caused this behavior i.e 
change in the microstructure of the composites.  
As a further support to evidence for the above hypothesis of hydrophobicity, a 
comparative study was conducted with endcapped and non-endcapped bare silica used 
for the pore filling process. The results for the same are presented in Figures 4.16 and 
4.17. 
  
Figure 4.16:Chromatographic profile for the non-endcapped bare silica (HPLC conditions: Column Size : 50 X 4.6mm; UV 
detection: 230nm, Flow: 0.5mL/min; Mobile phase: methanol+0.05% acetic acid)  
 
 
Figure 4.17: Chromatographic profile for the endcapped bare silica (HPLC conditions: Column Size : 50 X 4.6mm; UV 
detection: 230nm, Flow: 0.5mL/min; Mobile phase: methanol+0.05% acetic acid) 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8
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In the bare silica (reference material), endcapped and non-endcapped materials were 
not able to discriminate the template and analogue. In the case of non-endcapped bare 
silica due to the presence of the hydrophilic surface (presence of –OH groups) as 
expected the template and analogue discrimination was not possible by non-specific 
hydrophobic interaction. But, in endcapped bare silica the results were the same but a 
change in retention time was observed. This may be explained by the hydrophobicity 
developed due to endcapping, resulted in the higher retention time (Figure 4.17). And the 
eluent which was used to discriminate the template and analogue in both the cases was 
too strong for a weak hydrophobic interaction. 
From the above results it was noticed that the change in the hydrophobicity alters the 
retention behavior of the template and analogue in the same way. The above test results 
of bare silica agree well with the results obtained by endcapped composites. 
 
4.3.2.2   Binding Properties 
 
Subsequently, the binding properties such as binding affinity, capacity (q*), heterogeneity 
and mass transfer kinetics for all the composite materials were estimated by frontal 
analysis. The equilibrium binding isotherms obtained for naproxen and ibuprofen are 
showed in Figures 4.18 and 4.19. 
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Figure 4.19: Equilibrium binding isotherms of ibuprofen for the acrylic (MIP and NIP) and sol-gel (MIX and NIX) materials 
 
It is clearly seen from the Figure 4.18 that imprinted sol-gel and acrylic composites (MIX-
PF-S-NAP and MIP-G-S-NAP) showed higher sorption for naproxen than the 
corresponding non-imprinted composites (NIX-PF-S-NAP and NIP-G-S-NAP).  On the 
other hand for ibuprofen, the lower sorption capacity observed for imprinted MIX and MIP 
(Figure 4.19) showed the higher selective nature of the imprinted composites.  
The binding properties were obtained from the isotherm fitting analysis using various 
models (Langmuir, Freundlich and hybrid Langmuir-Freundlich). The results are 
collected in Tables 4.7 to 4.9. 
 
Table 4.7: Langmuir Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 4.18 and 4.19 





(S)-Nap 475±50 3778±227 2854 163 
IBU 450±42 1571±115 676 102 
NIP-G-S-NAP 
(S)-Nap 166±22 903±46 1045 89 





























(S)-Nap 333±33 3407± 199 4003 80 
IBU 200±80 1478±333 1376 23 
 NIX-PF-S-NAP 
(S)-Nap 220±44 1184±106 824 64 
IBU 182±18 735±31 474 62 
 
Table 4.8: Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 4.18 and 4.19 








(S)-NAP 0.78±0.03 24.25±3.9 9795 47 
IBU 0.69±0.01 11.7±1.1 400 156 
NIP-G-S-NAP 
(S)-NAP 0.52±0.04 27.60±9.2 3021 17 




(S)-NAP 0.64±0.04 41.33± 7.9 19503 25 
IBU 0.71±0.03 6.99±1.3 658 49 
NIX-PF-S-
NAP 
(S)-NAP 0.71±0.05 8.53±2.2 1947 27 
IBU 0.52±0.01 22.17±1.5 186 50 
 
 
Table 4.9: Langmuir –Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 
4.18 and 4.19 











(S)-NAP 500±50 2648±134 1.08 1178 334 
IBU 363±5 801±09 1.04 198 172 
NIP-G-S-NAP 
(S)-NAP 233±16 707±14 1.07 125 401 




(S)-NAP 435±14 2261±60 1.01 1042 415 
IBU 200±10 1280±10 0.93 1324 90 
NIX-PF-S-
NAP 
(S)-NAP 280±26 778±50 1.02 402 116 
IBU 167±6 723±24 0.95 446 157 
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The experimental isotherm data were successfully fitted to the various isotherm models 
and the best fit model was selected from Fisher values as explained previously. For all 
the spherical composites studied, L-F model was best fit to the experimental data (Table 
4.9).  
As seen in the Table 4.9, the higher q* was observed for the imprinted composites ( MIP 
– 2648 µmol/L and MIX- 2261 µmol/L) with high affinity constants K of 435 and 500 for 
the grafted and sol-gel imprinted composites, respectively, demonstrating the presence 
of higher affinity sites for the template naproxen. In addition, the lower capacity (q* of 
801 and1280 µmol/L) and lower affinity constants (K of 363 and 200 mM-1) show the 
non-existence of imprinted high-affinity sites for analogue ibuprofen.  
For the NIX-PF-S-NAP and NIP-G-S-NAP lower binding constants (K values 280 mM-1 
and 233 mM-1, respectively) were observed for both naproxen and ibuprofen in 
agreement with the expected weaker affinity.  
Further, the “m” values estimated for all the composites are close to 1 (Table 4.9). This is 
an evidence for the presence of homogeneous nature of binding sites on the sorbents. 
But, peak broadening was noticed in the chromatographic profiles of imprinted 
composites (Figures 4.10 and 4.12). This can be evaluated with the column efficiency 
parameters (Table 4.7). 
 
Table 4.10 : Column efficiency determining parameters 
Imprinted Material 
Number of theoretical 
plates (N) 
Height equivalent to 
a theoretical plate, 
mm (H)   
MIX-PF-S-NAP 44.51 1.12 
MIP-G-S-NAP 19.49 2.56 
 
The values of N and H showed that MIX-spherical column has better efficiency in 
comparison to MIP- spherical with higher N and lower H values. 
The higher column efficiency noticed for MIX composites can be explained by the higher 
mass transfer ability of the MIX sorbent. Mass transfer data can be obtained from the 
frontal analysis and the same is given in Figure 4.20. 
 





Figure 4.20: Partial frontal chromatograms and equilibrium time for sol-gel spherical composite acrylic spherical 
composite. 
 
Mass transfer data observed clearly indicated that the MIX sorbent (5.26) needed less 
time than the MIP sorbent (9.94min) to reach the equilibrium at 10µM concentration. 
Chromatographic profiles and the column efficiency parameters agrees with this data. 
The above detailed study concluding that both acrylic and sol-gel imprinted material 
showed superior affinity towards the template naproxen and low affinity showed by non-
imprinted materials proves further the successful imprinting of naproxen in acrylic MIP 
and sol-gel MIX composites.  
An emphasized comparison based on the formats (bulk and spherical) and preparation 
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5.  Naproxen: Consolidated Evaluation: Sol-gel vs. Acrylic 
 
A consolidated comparison of sol-gel and acrylic naproxen-imprinted materials, in 
different formats, is presented in this chapter based on all results of pore properties, 
imprinting factor and selectivity, binding affinity and capacity, heterogeneity, column 



















and mass transfer 
Pore properties 
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5.1 Pore properties  
 
Pore structure plays an important role in the performance of imprints. The overall results 
are presented in Table 5.1. 
 











MIX-SG-Bu-NAP 2.4 3.0 0.0038 
NIX-SG-Bu-NAP ND 4.9 0.0013 
MIP-Ac-Bu-NAP 313 29/8 0.55 
NIP-Ac-Bu-NAP 334 29/8 0.58 
 
Bare silica (Si-500 )-
solid support 
45 40 0.81 
Spherical 
MIX-PF-S-NAP 54 3.0 0.06 
NIX-PF-S-NAP 51 3.0 0.06 
MIP-G-S-NAP 62 29/22 0.27 
NIP-G-S-NAP 64 29/26 0.28 
  ND: Non -determined 
MIX-SG-Bu-NAP: imprinted sol-gel bulk xerogels ; NIX-SG-Bu-NAP: non-imprinted imprinted sol-gel bulk xerogel ; MIP-
Ac-Bu-NAP  : Imprinted acrylic bulk polymer ; NIP-Ac-Bu-NAP  : Non-imprinted acrylic grafted spherical composite; MIX-
PF-S-NAP : Imprinted pore filled spherical xerogels; NIX-PF-S-NAP : Non-imprinted pore filled spherical xerogels; MIP-G-
S-NAP : Imprinted grafted spherical composite; NIP-G-S-NAP : Non-imprinted grafted spherical composite 
 
Bulk Sol-gel vs. Acrylic: This comparison was already presented earlier (cf. Chapter 3). 
In brief, it is observed that the acrylic bulk polymers exhibited larger BET surface area 
(ca. 320m2/g) while in the sol-gel materials it was negligible. The average pore diameter 
(Dp) of 29nm and the pore distribution histogram of bulk acrylic polymers (Annex 5) 
clearly indicates the mesoporous nature of these materials. On the contrary the bulk 
xerogels appear to be essentially microporous (Annex 5). 
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Spherical Sol-gel vs. Acrylic: Also presented before (cf. Chapter 4). Sol-gel and acrylic 
spherical formats showed relatively similar surface area (50-60m2/g), slightly higher than 
the surface area of the solid support (ca. 45m2/g), meaning that the imprinted layer 
contributed with smaller pores. The average pore diameters were considerably different 
for acrylic (Dp=29nm) and sol-gel spherical (Dp=3nm) formats. In control grafting process 
the tuned polymer thickness of ~6nm reduced the pore diameter of the solid support from 
40nm to 29nm as expected. In the case of sol-gel spherical format uncontrolled pore 
filling process practically led to complete filling of the pores with an imprinted layer 
bearing some porosity by itself. Pore distribution histogram further agreed with the above 
observation (Annex 5). 
 
Bulk Vs. Spherical sol-gel: Bulk and spherical xerogels exhibited totally different 
porous properties (Annex 5). In bulk format the surface area and pore volume measured 
were negligible while in spherical format composites surface area measured were much 
higher (ca. 50m2/g and 0.06 mL/g, respectively). It appears though that the sol-gel layer 
obtained inside the spherical composite presents a different porous structure, towards 
higher mesoporosity, as compared to the bulk xerogel (Annex 5). This may be explained 
by the non-identical reaction conditions which were used to produce the two formats i.e., 
the difference in the volume of the solvent, condensation time and temperature (cf. 
sections 3.5.1 & 4.2.1).   
 
Bulk vs. Spherical acrylic : Despite similar average pore sizes found for both materials, 
in the case of the bulk polymer the mesopores were formed within the imprinted network, 
while in the spherical composite the mesopores are regarded as the silica native pores 
whose diameter was reduced by the process of coating with a nanolayer of the imprinted 
polymer. Such difference resulted in the observation of much higher surface areas for 
the bulk polymers. Both formats then possess a porous network capable of providing a 
facilitated access to the imprinted sites, something that apparently is lacking in the 
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5.2   Imprinting factor (IF) and Selectivity () 
 
Imprinting factor and selectivity are two important key chromatographic parameters that 
explain how well the imprinted materials perform. Therefore, in order to have an overall 
comparison of the performance of the imprinted materials, IF and  values are presented 
in Figure 5.2 and Table 5.2, respectively. 
  
Figure 5.2:Imprinting factors for acrylic and sol-gel bulk and spherical formats towards naproxen and ibuprofen. 
(SG-Bu-NAP : Sol-gel bulk imprinted and non-imprinted xerogels ,SG-PF-S-NAP : sol-gel pore filled spherical imprinted 
and non-imprinted xerogels, Ac-Bu-NAP : Acrylic bulk imprinted and non-imprinted polymers, Ac-G-S-NAP: Acrylic 
grafted spherical composite) 
 
Table 5.2: Separation factor observed for the NAP imprints and non-imprints 
Material  Selectivity  









MIP-G-S-NAP Highly selective 
NIP-G-S-NAP 9.00* 




























IBU IBU (S)-NAP 
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Bulk Sol-gel vs. Acrylic: Referring to chapter 3, sol-gel format showed higher imprinting 
factors (Figure 5.2) and selectivity (Table 5.2) than the acrylic format. At least a partial 
explanation may be attributable to the solvent memory effect and other factors may be 
involved, such as the usage of different eluents and the fact of not being possible to have 
exactly the same functional group used in both approaches. 
Spherical Sol-gel vs. Acrylic: It was discussed in chapter 4 and as explained above, 
the difference between the imprinting factor and selectivity for the sol-gel and acrylic 
spherical formats may be due to the solvent memory effect, the functional group slight 
difference and different eluents used.  
Bulk vs. Spherical sol-gel: A significant difference in imprinting factor and selectivity is 
observed between the sol-gel bulk (IF=24, =6.20) and the spherical formats (IF=12.74, 
=4.89). Two fold difference in magnitude of IF observed between sol-gel bulk and 
spherical formats can be explained by the fact that the eluent composition was not the 
same in both situations, what invalidates a meaningful comparison. The stronger eluent 
used for the spherical format may help explain the lower selectivity and also lower 
imprinting factor observed for the spherical format. Further, the difference in the 
experimental condition such as condensation temperature and time (cf. Sections 3.5.1 
and 4.2.1) and the % of the sol-gel mix (20%) present inside the pores when compared 
to the bulk (100% imprinted matrix) influenced the lower IF and  values observed for the 
spherical format.   
Bulk vs. Spherical acrylic: There was only a small difference of imprinting factor for 
naproxen in the acrylic bulk and spherical format (Figure 5.2). An interesting observation 
was that, acrylic spherical format showed higher selectivity than the bulk format (Table 
5.2). A plausible explanation could be that the smoother and controlled RAFT 
polymerization process resulted in the formation of homogeneous, highly selective 
imprinted sites compared to bulk uncontrolled radical polymerization that ended up with 
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5.3   Binding Affinity and Capacity 
 
Binding affinity: The association constant (K) is the parameter which is used to 
estimate the strength or affinity of the binding sites generated during material synthesis. 
Binding capacity: The binding capacity (q*) describes the actual amount of a sample 
that will bind to the medium packed in a column under selected conditions. It is a 
measure of the quantity of template/ analogue molecules that can be bound by a given 
amount of sorbent. Besides high selectivity, a good capacity is highly desirable in the 
application of imprinted materials. 
The binding properties obtained for the naproxen-imprints and respective non-imprints 
are presented in Figure 5.3 & 5.4. 
 
 
Figure 5.3: Adsorption capacity of acrylic and sol-gel bulk and spherical formats towards NAP. (note: for composites the q* 
is calculated in µmol/g of composites) 
(MIX-SG-Bu-NAP: imprinted sol-gel bulk xerogel ,NIX-SG-Bu-NAP: non-imprinted imprinted sol-gel bulk xerogel  , MIP-
Ac-Bu-NAP  : Imprinted acrylic bulk polymer, NIP-Ac-Bu-NAP  : Non-imprinted acrylic grafted spherical composite , MIX-
PF-S-NAP : Imprinted pore filled spherical xerogel, NIX-PF-S-NAP : Non-imprinted pore filled spherical xerogel, MIP-G-S-
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Figure 5.4: Association constants calculated for the NAP imprints and non-imprints 
 
Bulk Sol-gel vs. Acrylic: In section 3.8.2 it is well described that the imprinted sol-gel 
and acrylic polymer exhibited a better capacity for the template naproxen than for the 
structural analogue ibuprofen with higher affinity sites when compared to its counterpart, 
reinforcing the successful imprinting process in the MIX/MIP. The higher capacity for 
acrylic polymer in comparison with sol-gel may be due to the optimum pore properties. 
Although the acrylic and sol-gel imprints generated similar affinity sites, sol-gel bulk 
resulted in lower binding capacity due to microporosity (Annex 5).  
Spherical Sol-gel vs. Acrylic: As explained earlier (cf. 4.3.2.2) the imprinted sol-gel and 
acrylic composites showed higher sorption for naproxen with higher affinity constant in 
comparison to respective non-imprinted composites evidencing the successful 
imprinting. But for ibuprofen, the lower sorption capacity with lower binding constants 
observed for imprinted MIX and MIP showed the higher selective nature.  
Bulk vs. Spherical sol-gel: From Figure 5.3, an interesting observation was the 
difference in binding capacity between bulk and sol-gel matrices. Even though the 
imprinted material accounted for only ~20% of the mass, a significant increase in the 
capacity, q*, was found for the spherical format (4.6 µmol/g of composite). This can be 
explained by an improvement in the pore properties (higher surface area and 
mesoporosity) which substantially increased accessibility to the imprinted sites (Annex 
5). The higher binding constant observed for the spherical format evidences the 
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and low binding capacity calculated for ibuprofen in both the cases demonstrated the 
higher selectivity in imprinted materials.  
In addition non-imprinted composites with lower capacity and lower affinity for naproxen, 
evidencing the promising imprinting ability in spherical MIX/MIP composites. 
Bulk vs. Spherical acrylic: Contrary to the above occurred here with the small 
decrease in the capacity (bulk 6.29 µmol/g; spherical 5.76 µmol/g). This difference may 
be due to the nature of the porous properties (Annex 5). In fact, two fold less pore 
volumes were found for the spherical material (bulk: 0.55mL/g; spherical: 0.27mL/g of 
composite). With smaller pore volume and lesser effective imprinting mass (6nm 
grafted polymer) perhaps an even smaller capacity could be anticipated. .  
The higher the affinity, the stronger will be the sorption, as observed in spherical format 
with K, 500mM-1.  
On the other hand, lower affinity constants calculated for the ibuprofen with lower 
capacity proving the higher selective nature of the imprints. The non-imprinted materials 
showed the lower capacity towards the naproxen indicating the successful imprinting in 
acrylic MIPs. 
Tables 5.3 and 5.4 present the collective data of naproxen binding capacity (q*) with 
different sorbents and MIP binding capacity (q*) for other sorbates (Table 5.4) as 
observed from few of the past research works, in order to have a comparison with the 
MIPs produced in the present work. 
 
Table 5.3 : Naproxen binding capacities with other sorbents  
Sorbent q*  
µmol/g 
Reference 
Activated carbon 461  
 
[213] 
Activated carbon 174  [142, 214] 
Metal organic framework : MIL-101 400  [215] 
Metal organic framework : MIL-100 –Fe 
 
383  [215] 
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Table 5.4: MIP binding capacity for other sorbates 
Sorbate q*  
µmol/g 
Reference 
Cholesterol 10.1  [217] 
EA9A (Ethyl adenine-9-acetate) 3.6  [15] 
Bilirubin 0.81  [218] 
1-MA-3MI-Br–MIP microsphere for caffeine 53.80  
 
[219] 
MAA–MIP microsphere for caffeine 28.90  
 
[219] 
MIPs–Present study 3.7-6.3  [189] 
 
It is clearly seen from Tables 5.3 and 5.4 that conventional sorbents show higher 
capacity than the non-conventional MIP sorbents, what remains a challenge for both sol-
gel and acrylic formats. The main highlight of MIP’s is the high selectivity recognition, 
which is lacking in conventional sorbents.  
 
5.4 Site heterogeneity and Mass transfer 
 
Heterogeneity of the binding sites and mass transfer kinetics are relevant properties 
concerning the application of imprinted materials. A fast binding-dissociation equilibrium 
supported on homogeneous binding sites is the optimal condition for most applications, 
such as an imprinted stationary phase in chromatography. 
Heterogeneity index was calculated from the isotherm fitting analysis.  The rate of mass 
transfer of the analyte between the mobile and stationary phases is directly related to the 
observed efficiency of a chromatographic column. Band broadening reflects a loss of 
column efficiency. The slower the rate of mass transfer processes occurring while a 
solute migrates through a column, the broader the band at the column exits. 
Information regarding column efficiency was collected from the HPLC chromatograms, 
while frontal analysis transient profiles allowed a comparative analysis of equilibration 
times, used as qualitative indicator of mass transfer rates. 
The heterogeneity indexes are presented in Figure 5.5, column efficiency parameters in 
Table 5.5 and equilibration times in Figure 5.6. 




Figure 5.5: Heterogeneity index chart for acrylic and sol-gel bulk and spherical formats  
 
From Figure 5.5, it is noticed that, excluding the bulk sol-gel, all other materials showed 
heterogeneity index (m) close to 1, demonstrating the existence of homogeneous energy 
site distribution. The chromatograms of the sol-gel bulk imprints (Figure 3.24) showed 
peak tailing, which can be attributed to the presence of heterogeneous sites distribution, 
as explained before in 1.11.1.  
 
Table 5.5: Column efficiency determining parameters 
Imprinted material 
Number of theoretical 
plates (N) 
Height equivalent to 
a theoretical plate, 
mm (H) 
MIX-SG-Bu-NAP 5.88 8.49 
MIX-PF-S-NAP 44.51 1.12 
MIP-Ac-Bu-NAP 125.11 0.39 
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Figure 5.6: Frontal chromatograms obtained with the naproxen-imprints and typical equilibration times 
 
Table 5.5 and Fig. 5.6 show that, as a general trend, decreasing the efficiency of the 
columns corresponded to longer equilibration times. The sequence of decreasing 
efficiency was MIP-Bulk-NAP > MIX-Spherical-NAP > MIP-Spherical-NAP > MIX-Bulk-
NAP, while that of the increasing equilibration time was MIX-Spherical-NAP > MIP-Bulk-
NAP > MIP-Spherical-NAP > MIX-Bulk-NAP. This may be indicative that the mass 
transfer rate was the dominating factor explaining the differences in efficiency, despite 
the different eluents and flow rates employed for the different materials, as well as the 
different particle shapes. 
Bulk sol-gel vs. acrylic: As already discussed (Chapter 3), the acrylic bulk MIP showed 
higher column efficiency and faster mass transfer kinetics due to higher surface area and 
mesoporosity (Table 5.1).  
Spherical Sol-gel vs. Acrylic: As explained earlier on chapter 3. Sol-gel MIX prepared 
in spherical format enhances the column efficiency. On the contrary in an acrylic material 
when the change was made to a spherical format the column efficiency which may be 
due to lower surface area (ca. 60m2/) when compared to bulk format (ca. 320m2/). 
Bulk vs. Spherical sol-gel: As expected the spherical format of sol-gel composites 
showed superior efficiency. Again, the improved pore properties seem to be able to 
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showed that MIX bulk materials required considerably less time to reach the equilibrium 
status.   
Bulk vs. Spherical acrylic: In this case a higher column efficiency was calculated for 
bulk when compared with spherical format, in agreement with the equilibration data from 
frontal analysis (bulk: 7.74 min and spherical: 9.94min). Once more, such results 
appears to originate in the differences observed for the pore structure, having observed 
higher surface area and pore volume for the bulk material (Table 5.1). 
 
5.5  Conclusions  
 
The main objective of this work was to compare the two different synthetic approaches in 
two different formats and get important insights in terms of material pore properties, 
performance parameters such as imprinting factor and selectivity and binding properties 
including binding capacity and affinity, heterogeneity index, column efficiency and mass 
transfer kinetics. 
It is important to highlight the limitations in the experimental criteria before drawing any 
definite conclusion. The sol-gel and acrylic functional monomers used, although both 
imidazolium based, the substructure was not uniform, differencing in the side groups (cf 
.Figure 3.5). At the level of production of spherical formats, different approaches have 
been used in sol-gel and acrylic process, the controlled grafting for acrylic and pore filling 
for sol-gel.  Hence, the thickness of the imprinted mass is totally different in both cases 
studied. Referring to the eluent used to study the chromatographic properties, they were 
not the same.  
Within the frame of caution imposed by the limitations cited above, an overall ranking of 
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                   *- the lowest the best 
 
The materials ranked very differently, depending on the parameter under consideration. 
For example, the highest imprinting factors were observed for the sol-gel imprints, while 
the highest capacities and affinities were found for the acrylic formats. 
However, summing all up it was found that the acrylic imprints, regardless of the format, 
showed a better overall performance when compared to sol-gel approach, both by 
considering all the presented parameters (cf. column 6 in Table 5.6) and considering 
only the top three key factors (in our judgment: , q* and kinetics, cf. column 7 in Table 
5.6). 
 
Most strikingly, the combination of RAFT acrylic polymerization with the spherical format 
appeared to result in the best set of performance parameters, ranking #1 in two of the 
key parameters (selectivity and capacity), and #2 in the mass transfer, what corroborates 
the recent reports on the advantages of such method[122, 123] . 
 
Imprinted material 
Ranking of key parameters 
IF  q* K kinetics Total 
, q* and 
kinetics 
MIX-SG-Bu-NAP 1 2 4 3 4 14 10 
MIX-PF-S-NAP 2 4 3 3 1 13 8 
MIP-Ac-Bu-NAP 3 3 2 2 1 11* 6* 
MIP-G-S-NAP 4 1 1 1 2 9* 4* 
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6. Exploring the Stoichiometric Non-covalent imprinting of 
Aminoglutethimide 
 
6.1 Introduction  
 
In order to obtain optimum recognition properties (such as enantiomeric selectivity), it is 
crucial to have a strong complexation of template with the functional monomer. One of 
the utmost concerns in the developments of “non-covalent” imprinting, regards with the 
design of new “breeds” of functional monomers capable of stronger interactions than 
those traditionally used in imprinting. The use of designed functional monomers also 
gives an opportunity to build secondary functions, such as units capable of signaling a 
binding event or cross-linking functional monomers which can increase binding site 
fidelity.[220] 
 
There have been a number of advances in recent years in the design of new functional 
monomers for non-covalent imprinting. Here, the aim is in the preparation of monomers 
capable of strong binding to the template molecule, such that no excess of functional 
monomer is required during the imprinting process. The achievement of this ultimate 
goal has so far been demonstrated in only a limited number of examples. To describe 
such examples Wulff has coined the phrase “stoichiometric non-covalent imprinting.[130] 
 
One of the first reports of a designed functional monomer in molecular imprinting came 
from Takeuchi et al.,[221] who used the bis-acrylamidopyridine (BAAPy) monomer in the 
imprinting of barbital. The monomer presents a donor-acceptor-donor (DAD) array of 
hydrogen bond sites, which is complementary to the acceptor-donor-acceptor (ADA) 








Figure 6.1: Schematic representation of D-A-D interaction 
 
The polymeric binding site obtained was postulated to resemble the structure of small 
molecule receptors prepared by Hamilton et al.,[222] for the same purpose. MIPs prepared 
with this monomer showed relatively high imprinting factors and a degree of selectivity 
for barbital over differently substituted barbiturates when tested in the chromatographic 
mode. Further, in analytes where some of the hydrogen bonding sites had been 
removed, were much less retained on these polymers. Takeuchi et al. extended their use 
of bis-acrylamidopyridine to the imprinting of uracils (thymines).[151, 222] 
Concurrently with this latter work, Sellergren research group used BAAPy (Figure 6.2) in 
the imprinting of similar imide-containing templates, e.g. substituted uracils[153] and 
flavins (especially riboflavin), vitamin B2[160] and AGT.  
In this present work BAAPy, an acrylic functional monomer with D-A-D array (Figure 6.1) 
was used to prepare the imprinted polymers for the target aminoglutethimide. 
Aminoglutethimide (±AGT), ±-3-(4-aminophenyl)-3-ethyl-2,6-piperidinedione, a racemic 
mixture is currently used clinically as a drug of choice in the treatment of hormone-
dependent metastatic breast cancer. It was reported that (+)-R-isomer had the most 
steroidogenesis inhibitory activity (two or three times more potent than the racemate), 
while the (−) S-isomer had very little activity even at dose levels ten-fold higher.[223] 
Physicochemical properties of the aminoglutethimide and its structural analogues are 
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Also a sol-gel functional monomer, related to bisamidopyridine (BAAPy), was 
synthesized in order to achieve a direct comparison of acrylic and sol-gel approaches. A 
newly designed alkoxysilane sol-gel functional monomer, 2,6-Bis(propyl-
trimethoxysilylurelene) pyridine (DPS, Figure. 6.2) was synthesized for the effective 
association with the imide template, AGT by hydrogen-bond donor-acceptor–donor 
concept. This functional monomer was then used for the preparation of bulk sol-gel 






Figure 6.2: Structures of functional monomers used in this study 
 
2,6-bis acrylamido pyridine  
(BAAPy) 
2,6 bis (propyl-trimethoxysilylurelene) 
pyridine (DPS) 
(R) & (S)-3-(4- aminophenyl)-3-ethyl-2,6-piperidinedione 





6.2.1  Chemicals 
 
Sol-gel crosslinker Tetramethoxysilane (TMOS >98%) was procured from Fluka, 
Germany. 2,6 diamino pyridine (98%) ,Isocyanatopropyltrimethoxysilane (ICPTMS 95%) 
, analogue Glutarimide (98%) were purchased from ABCR, Germany. Tetrahydrofuran 
(THF, >99.5%), Hexane (95%), dry Heptane, Toluene, Chloroform (>99.5%), 
Hydrochloric acid (HCl, 37%) (0.1M solution was prepared using a millipore water), 
triethylamine, acryloyl chloride, HSi(OMe)3, H2PtCl6.6H2O in i-PrOH, (S)-(-) 
Aminoglutethimide and the template (R)-(+)- Aminoglutethimide (97%) were obtained 
from Sigma Aldrich, Germany. CDCl3, CD3OD and DMSO-d6 for the NMR titration 
analysis were obtained from Deutero Gmbh, Kastellaun, Germany.  
 




DPS was synthesized according to the published article by Fengyi Liu et al., but with 
reagent ratio modified. The schematic representation of the DPS synthesis is presented 
in Figure 6.3. 
5 mmol of 2,6-diaminopyridine was dissolved in 30 ml of dry chloroform. To this solution 
15 mmol of 3-isocyanatopropyltromethoxysilane (ICPTMS) was added and the resulting 
solution was refluxed for 5 h. The ratio of 2,6 diaminopyridine to 3-
isocyanatopropyltromethoxysilane was 1: 3. After 5 h refluxing, hexane was added and 
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Figure 6.3: Sol-gel functional monomer DPS synthesis scheme. 
 
 
6.2.3   Synthesis of acrylic functional monomer 2,6-
Bis(acrylamido)pyridine (BAAPy) 
 
The synthesis protocol has been modified from a published paper[224]  as follows: 
20mmol (2.18g) of 2,6-diaminopyridine and 50mmol (5.05g) of TEA are dissolved in 100 
mL of dry THF. The flask is connected to the flow of N2 and cooled in an ice-water bath.  
44mmol (3.98g) of acryloyl chloride are diluted with 10mL of solvent in a pressure 
equilibrated dropping funnel and the addition begins slowly and under vigorous stirring of 
the reaction mixture. After the addition is complete the ice-water bath is removed and the 
reaction mixture is stirred for an additional 2 hours. Then, 50mL of distilled H2O are 
added to it in order to quench the excess of acryloyl chloride and dissolve the TEA. The 
layers are separated and the aqueous phase is washed with 100mL of CHCl3. The 
organic layers are combined, washed with saturated NaHCO3 and water and finally 
concentrated under reduced pressure. The crude product is isolated in the form of a 
grey-yellow solid and is subsequently recrystallized from toluene to yield the pure 
monomer in yellow crystalline form (50%). The synthesis scheme is showed in Figure 
6.4. 
Dry  CHCl3 
2,6- Diamino pyridine 
3- isocyanatopropyltromethoxysilane 
(ICPTMS) 
2,6 bis (propyl-trimethoxysilylurelene) pyridine (DPS) 
 






Figure 6.4 : Acrylic functional monomer BAAPy synthesis scheme. 
 
6.2.4    1H NMR titrations : Host-Guest chemistry 
 
1HNMR titration experiments were performed in order to determine the D-A-D 
association constant between multifunctional monomers (DPS and BAAPy) with the 
template aminoglutethimide and its analogue glutarimide. 
All 1H NMR titrations were conducted in CDCl3. D-A-D binding association between the 
functional monomers (DPS and BAAPy- Hosts)  and the template (AGT-Guest), 
analogue (GLU- Guest) were monitored by titrating an increasing amount of host into a 
constant amount of guest AGT. The functional monomer concentration was kept 
constant at 1mM, and the added guest molecules concentrations were 0, 0.25, 0.5, 0.75, 
1, 1.5, 2, 4, 6, 10, 15, 17.5 and 20 mM. The titration curve and the Job’s plot was 
constructed using the induced shift (Δδ, ppm) observed by the addition of guest 
molecule. Finally, the association constants were calculated using a 1:1 binding 
isotherm. 
 
6.2.5   Synthesis of bulk imprinted and non-
imprinted xerogels and polymers 
 
Imprinted and non-imprinted bulk xerogels and polymers were prepared according to the 
following described procedure. 
 
2,6- Diamino pyridine 2,6-bis acrylamido pyridine 
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6.2.5.1   Synthesis of Sol-gel Bulk MIX and NIX 
 
Sol-gel imprinted and non-imprinted xerogels (MIX/NIX-SG-Bu-AGT) were prepared 
using the synthesized functional monomer, DPS (Figure 6.5). Pre-polymerization 
composition of sol-gel xerogels is presented in Table 6.2. 
For this purpose, 2.5 mmol of functional monomer (DPS) was first dissolved in 10mL of 
THF. The imprinted xerogel (MIX) was prepared then by mixing 10mmol of TMOS, 2.5 
mmol of the functional monomer dissolved in THF, in 50mL centrifuge tubes. Hydrolysis 
reaction is followed by the addition of 900μL of water and 1mL of 0.1M HCl. After two 
hours of hydrolysis, 1.25 mmol of template (AGT) dissolved in 1mL of THF was added.  
The reaction continued (2-3 days) until the formation of the gel upon condensation. The 
final gel was dried in open air atmosphere to obtain dried gels. NIX was prepared 












Figure 6.5: Sol-Gel imprinting procedure used to obtain the Aminoglutethimide complementary binding site: Hydrogen- 
bond donor- acceptor–donor link with imide template. 
 
 







































6.2.5.2   Synthesis of Acrylic Bulk Polymer 
 
The bulk polymers MIP/NIP-Ac-Bu-AGT imprinted with (R)-AGT were prepared 
according to the protocol used in Sellergren´s group and the corresponding pre-
polymerization composition is presented in Table 6.3. The template was first weighed 
into the vials followed by the solid monomer and crosslinker, to this the solvent was 
added. Sonication was necessary so that the components would entirely be dissolved in 
solution. The pre-polymerization solution appears yellowish. The initiator ABDV was 
added and the solutions briefly sonicated before being transferred to the glass 
polymerization tubes. The solutions were ice cooled, degassed with nitrogen for 5 min, 
and the tubes were heat sealed. They were left to polymerize at 40°C in a water bath for 
24h. Figure 6.6 depicts the free radical polymerization for the acrylic bulk (BAAPy –co-
EDMA) material synthesis.                  








Crosslinker Porogen Catalyst 
MIP-Ac-Bu-AGT 
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In a free radical polymerization, propagation 
occurred by the addition of active BAAPy and EDMA 
radicals to the growing polymer chain. Finally 
termination began when two radicals come together 
to form a dead polymer. It is important to mention 
here that in the FRP, the propagation occur 
randomly with no control of polymerization leading to 
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6.2.6   Template Removal 
 
After polymerization, coarsely ground xerogels (MIX/NIX-SG-Bu-AGT) and polymers 
(MIP/NIP-Ac-Bu-AGT) were thereafter washed to remove the target using Soxhlet 
apparatus with methanol. Washing was monitored by HPLC and the washing continued 
until it showed undetectable levels of (+)-R AGT. The materials were then crushed in a 
mortar and sieved to promote a selection of particles with sizes in the ranges 25 to 45 
and 45-75 μm, respectively. 45-75 μm particles were used in solid phase extraction 
(SPE) technique, whereas 25-45 μm particles were used for packing the HPLC-columns 
to evaluate their binding properties. 
 
6.2.7   Material characterization 
 
All the materials were then characterized by BET, SEM and TGA as previously described 
in chapter 2. Elemental analysis (EA) of the sol-gel functional monomer was performed 
on a Heraeus Elemental Analyzer CHN-O-Rapid (Elemental-Analysis system, GmbH).  
 
6.2.8   Chromatographic evaluation 
 
The MIXs/NIXs and MIP/NIP materials were typically slurry packed into stainless steel 
columns (50x4.6mm), using MeOH/H2O 80:20 (v/v) as pushing solvent, and evaluated 
chromatographically. 10% and 100% acetonitrile was used as a mobile phase for 
MIXs/NIXs and MIP/NIP, respectively. The flow rate was fixed as 0.5mL/min if not 
otherwise mentioned. Aliquots (20μL) of 10ppm of (R)-AGT and 50 ppm of GLU 
prepared in water were injected for sol-gel xerogels, whereas aliquots of 20µL of 10ppm 
of (R) and (S)-AGT in acetonitrile were injected for the bulk acrylic polymer. The elution 
was monitored at 250nm.  
It is worth mentioning that in each column studied, the eluent composition was optimized 
to discriminate structural analogue from the template. 
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The retention factor (k), the selectivity (α) and the imprinting factor (IF) were calculated 
using the formulae in Eqs.2.20 to 2.22. 
On the other hand, binding properties of the materials were determined by classical 
staircase frontal analysis. For this purpose, stock solutions of (R)-AGT and (S)-AGT 
were prepared in pure acetonitrile for the acrylic polymer and stock solution of (R)-AGT 
and GLU prepared in 10% acetonitrile for sol-gel xerogels at three different 
concentrations: 0.05, 0.5 and 1 mM. These solutions were used as mobile phase 
components at different percentages, mixing with pure mobile phase (10% ACN for sol-
gel xerogels and pure ACN for acrylic polymers), and thus allowing eluent gradient. All 
experiments were made in order of increasing concentrations without washing cycles in 
between the staircases. At the end of the experiments the column was flushed for 1 hour 
at 1mL/min using 100% acetonitrile. Experiments were carried out at room temperature 
keeping the flow rate constant at 0.5mL/min and recording the signals at 250nm for lower 
concentration range and 270 nm for higher concentration. The sample concentration in 
the stationary phase (q) at equilibrium with concentration C in the mobile phase was 
calculated using the following integral mass balance equation 2.26 for a series of n 
successive steps. 
The adsorption isotherm data obtained for each material were then fitted to various 
isotherm models as described in Chapter 2, Section 2.6.3.2. 
In addition the column efficiency was determined in terms of theoretical plate numbers 
and height equivalent to theoretical plate as described in Chapter 2 Section 2.6.2.2. 
 
6.3  Results and Discussion 
 
6.3.1  Sol-gel functional monomer Synthesis and 
Characterization 
 
A first attempt of synthesizing a D-A-D sol-gel functional monomer aimed at the 
compound 2,6-Bis(methyl-trimethoxysilylurelene) pyridine (Figure 6.7), according to the 
procedure described by Yitzhak Barness et al.,[225] 
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Figure 6.7 : Structure of  2,6-Bis (methyl-trimethoxysilylurelene) pyridine 
 
Unfortunately the product could not be formed due to the practical difficulties which are 
explained in detail in Annex 2. 
As an alternative to the above drawback, DPS (Figure 6.2) was synthesized according to 
the published article by Fengyi Liu et al. The reagent ratio was modified from 1:2 to 1:3. 
This condition was optimal to obtain a product with high purity, and the details of 
optimization procedure are illustrated in Annex 3. It should be noticed, however, that 
DPS contains two extra active donor –NH groups, as compared to both 6 bis (methyl-
trimethoxysilylurelene) pyridine and the corresponding acrylic functional monomer, 
BAAPy (Figure 6.2). 
The structural characterization results for DPS are showed in the following figures. 




Figure 6.8 : LC-MS of DPS (Reagent Ratio 1:3) 
pgdpsMA5_091022115133 #22-39 RT: 0,61-1,05 AV: 18 NL: 4,29E7
T: + p ESI Full ms [ 150,00-2000,00]






































315,27 747,20 1006,53 1243,53655,20 1579,33180,00 834,53385,07 1763,801351,07 1913,53
2,6-Bis (methyl-trimethoxysilylurelene) pyridine 





Figure 6.9 :1H NMR of  DPS (Reagent Ratio 1:3) 1H-NMR (CD3OD), 400 MHz): 8.56 (s; 2H, [-NH-CO-NH-]2); 7.63 (bs; 2H, 
[-NH-CH2-]2); 7.49 (t, J=8.06 Hz; 1H, PyH4); 6.94 (d, J=8.05 Hz; 2H, PyH3 + PyH5); 3.58 (s; 18H, [-O-CH3]6); 3.34 (t, J=6.59 
Hz; 2H, -NH-CH2-CH2-); 3.32 (t, J=6.15 Hz; 2H, -CH2-CH2-NH-); 1.71, 1.69 and 1.67 (tt, J=6.97, 7.79 and 6.95 Hz; 4H, [-
CH2-CH2-CH2-]2); 0.73 (t, J=7.98 Hz; 4H, [-CH2-Si(-)]2) 
 
Figure 6.10 : 13C NMR of  sol-gel functional monomer DPS (Reagent Ratio 1:3) 13C-NMR (CDCl3, 100 MHz): 155.53 (PyC2 
+ PyC6); 150.97 ([-CO-]2); 140.26 (PyC4); 104.54 (PyC3 + PyC5); 50.56 ([-O-CH3]6); 41.85 ([-NH-CH2-]2); 23.12 ([-CH2-CH2-
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Table 6.4 : Elemental analysis results obtained for DPS 
Elemental analysis %C %H %N 
Theoretical 43.95 7.18 13.49 
Experimental 43.44 7.17 13.47 
 
 
6.3.2   Acrylic functional monomer BAAPy synthesis 
and characterization 
 
BAAPy was synthesized successfully according to the modified procedure described in 
experimental part. The 1H NMR (Figure 6.11) and 13C NMR (Figure 6.12) structural 
characterization results matched well with the product. 
 
 
Figure 6.11 :1H NMR of acrylic functional monomer  BAAPy1H-NMR (DMSO-d6): δ (ppm): 5.76-79 (d, 2H), 6.27-6.32 (q, 









Figure 6.12 : 13C NMR of acrylic functional monomer BAAPy.13C-NMR (DMSO-d6): δ (ppm): (C1 & C5)110.03, (C10 & 
C14)126.39, (C13 & C9) 127.78, (C3) 140.06, (C2 & C6)153.3, (C8 & C12) 163.4. 
 
An elemental analysis result of BAAPy is shown in Table 6.5. 
 
Table 6.5 : Elemental analysis results obtained for BAAPy 
Elemental analysis %C %H %N 
Theoretical 60.83 5.07 19.35 
Experimental 60.72 5.00 19.28 
 
Wide structural characterisations study of DPS and BAAPy proved purity > 99% of the 
synthesised functional monomers. 
After the successful synthesis of functional monomers DPS (sol-gel)  and BAAPy 
(acrylic) subsequent NMR titration experiment was carried out to find the association 
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6.3.3   HOST-GUEST Association: NMR titration  
 
The basic theory of Host-Guest chemistry and the determination of association constant 
by 1H NMR titration analysis were explained in Chapter 2, Section 2.2.1. 
In this current work, NMR titration analysis was performed in order to obtain association 
constants for each complex studied, such as [DPS-AGT], [BAAPy-AGT], [DPS-GLU] and 
[BAAPy-GLU]. The 1HNMR titration results are explained in terms of change in observed 
chemical shift (δ) (Figures 6.13, 6.15, 6.17 and 6.19), Job´s plot (6.14a, 6.16a,6.18a 
and 6.20a) and the 1:1 binding isotherm (6.14b, 6.16b,6.18b and 6.20b)  fitting analysis, 
respectively. 








Figure 6.13 : Change in chemical shift (δ) observed for the –NH-N-NH- protons of DPS (Blue circled) and -CO-NH- (Green 
circled) on the addition of (R)-AGT by D-A-D complexation.  
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Figure 6.15 : Change in chemical shift (δ) observed for the –NH-N-NH- protons of DPS (Blue circled) and -CO-NH- (Green 
circled) on the addition of GLU by D-A-D complexation.   
    










































Figure 6.17 : Change in chemical shift (δ) observed for the –NH-N-NH- protons of BAAPy on the addition of (R)-AGT by 
D-A-D complexation.  
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Figure 6.19:Change in chemical shift (δ) observed for the –NH-N-NH- protons of BAAPy on the addition of GLU by D-A-D 
complexation. 
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The complexation- induced changes in chemical shift (δ) observed in Figures 6.13, 6.15, 
6.17 and 6.19 by 1H NMR titration illustrated the existence of D-A-D interaction between 
the AGT and GLU with the functional monomers DPS and BAAPy, but with different 
magnitudes.  
NMR titration is the most widely used approach for quantifying association constant, Kc 
in host-guest chemistry. Despite the apparent simplicity of this approach, there are 
several issues that need to be carefully addressed to ensure that the final results are 
reliable. This includes the use of non-linear rather than linear regression fitting analysis 
and careful choice of stoichiometric binding model, concentration of host and the 
application of advanced data analysis methods such as global analysis.[226] In this study, 
cares were taken to measure the association constant for the above studied complexes 
DPS and BAAPy with AGT and GLU, respectively. 
 To determine the stoichiometry of the host-guest complex the Job’s plot was used . The 
results showed the existence of 1:1 stoichiometry (Figures 6.18a and 6.20a) between 
BAAPy and AGT, BAAPy and GLU and more complex 2:1 host : guest stoichiometry 
(reasonable estimate from. Figures 6.14a & 6.16a) with DPS with AGT and GLU, 
respectively.  
Since with the acrylic functional monomer, BAAPy, equilibria followed 1:1 stoichiometry 
and it was straightforward to use the 1:1 binding isotherm (as explained in Section 2.2.1) 
to determine association constant Kc  by non-linear fitting analysis and the values are 
presented in Table 6.6. 
 





It is clearly noted that the association constant obtained for the BAAPy-AGT 
complexation (Table 6.6) showed the maximum Kc of ca.600 M-1 which is approximately 
three fold higher for the association constant obtained for BAAPy-GLU. Even though, 
AGT and GLU have a similar substructure, but the three fold higher association constant 
Complexes 
 
Kc – Association constant , M-1 
BAAPy with R-AGT 599  ± 29 
BAAPy with GLU 228  ± 2 
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observed for BAAPy can be perhaps explained, in part, by the presence of electron 
donating groups existing only in AGT.  
The sol-gel functional monomer DPS follows more complex equilibria of 2:1 (Host: 
Guest, H:G) system. The equilibrium reactions and its corresponding association 














The constants K1 and K2 can be calculated solving the equation 6.3.   
Equation 6.3 
 
Due to the complexity of the fitting process, a simplification was used instead.[226] In here 
for a 2:1 system, the stepwise binding constants K1 and K2 related with Kc for a simple 
1:1 host-guest system by Eq. 6.4.[226] 
 
𝐾𝑐 = 𝐾1 = 4𝐾2 
Equation6.4 
 











𝐻𝐺 [𝐺]0𝐾1[𝐻] + 2𝐻2𝐺 [𝐺]0𝐾1𝐾2[𝐻]
2
[𝐻]0(1 + 𝐾1[𝐻] + 𝐾1𝐾2[𝐻]2
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This equation is a special case defining the expected relationship between stepwise 
binding constants in any non-cooperative system, i.e. a system where the binding sites 
are truly identical and independent of each other.[227] More detailed way of the above 
hypothesis is explained well in Annex 4. 
 
The calculated constants using  Eq.6.4 for DPS complexes are presented in Table 6.7. 
 
Table 6.7: Association constants obtained from 1:1 binding isotherm for DPS 
 
The association constants for the complexation of the sol-gel functional monomer DPS 
with AGT and GLU were calculated as ca.35 M-1 (K1) which is very low compared to the 
acrylic functional monomer BAAPy. The lower value observed may be partially due to an 
explained by the underestimation of the constants.  
In fact the titration yields more than one set of data, for instance in 1H NMR titration 
where a noticeable shift is often observed for more than one proton resonance upon 
complexation of the guest. Specially, it is noticed in the case of DPS, the secondary shift 
was observed for –CO-NH- (ureido) protons, which is clearly shown in Figures 6.13 and 
6.15 with green circles. Thus, secondary ureido protons -(NH-CO-NH-) also contributed 
in the D-A-D complexation. It is worth to mention here that only the –NH-N-NH- protons 
shift was accounted to calculate the association constants. The excluded interaction of 
the secondary shift may be the one of the issues for the underestimated K values. 
Another issue may be in obtaining the accurate value of max. As in this case of DPS it 
was almost impossible to reach the plateau in the isotherms (Figures 6.14b and 6.16b) 
even at higher concentrations studied.  
From NMR titration experiments, the stoichiometry of functional monomer to template 
was thus set to 1:1 for the acrylic polymer synthesis, whereas for the sol-gel approach 
the ratio was set 1:2.  
Material characterization and chromatographic evaluation of bulk sol-gel xerogels and 
acrylic polymers were performed and the results are discussed in detail below. 
Complexes 
K1 – Association constant 
, M-1 
K2 – Association constant 
, M-1 
DPS with R-AGT 35.8 ± 0.1* 8.95 
DPS with GLU 37.9 ± 0.4* 9.48 
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6.3.4  Comparative Pore structure and Thermal 
stability of Bulk Xerogels and Polymers 
 
Porosity parameters of the bulk sol-gel and acrylic materials were measured from BET 
sorption experiment and the collected results were compiled in Table 6.8. 
 









MIX-SG-Bu-AGT 13 3.1 0.03 
NIX-SG-Bu-AGT ND 3.0 0.002 
MIP-Ac-Bu-AGT 207 28 0.18 
NIP-Ac-Bu-AGT 91 33 0.09 
  ND: Non –determined 
 
Negligible surface area and pore diameter of 3nm were observed for the sol-gel 
xerogels, clearly indicating the predominance of microporosity. On the other hand, the 
acrylic bulk MIP/NIP exhibited pore diameters (ca. 30nm) in the mesoporosity range and, 
consistently, much higher surface areas (MIP 207 and NIP 91 m2/g) as seen in pore size 
distribution histograms in Figure 6.21.  
 
  
Figure 6.21: Pore distribution histogram of sol-gel and acrylic imprints with respect to its pore volume. Please consult 












































From  Table 6.8, it is also noted that there is a significant difference (2 fold higher for 
acrylic) in the average surface area and the pore volume between imprinted and 
correponding non-imprinted acrylic polymer (Figure 6.22). This fact suggested that the 




Figure 6.22: Pore distribution histogram of sol-gel MIX and NIX with respect to its pore volume. Please consult annex 5 for 
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SEM microscopic images from the MIX and MIP (Figure 6.23) did not allow the 
visualization of the microstructural differences evidenced by BET analysis. Further, the 
results of thermogravimetric analysis of the bulk materials (sol-gel & acrylic) are given in 
Figure 6.22. 
 
       
Figure 6.24 : Thermogravimetric analysis of imprinted and non-imprinted materials of acrylic (a) and sol-gel (b) system. 
 
They indicated that a slow degradation (mass loss of 3.3%) started at 100°C for the sol-
gel xerogels, depicting the loss of water molecules and a sudden weight loss of 42 % 
began at around 200°C until 600°C, which corresponds to the decomposition of the 
organic group in the hybrid gel. On the other hand, the acrylic polymers started 
decomposing at around 225°C, leading to the complete degradation with weight loss of 
95% at 425°C. 
All the information gained in the TGA graphs are not sufficient to predict the thermal 
stability of the imprinted cavities as explained in the previous chapter. Nevertheless, the 
polymer appeared to consist of a slightly more robust network than the xerogel. 
After the material characterization, the HPLC chromatographic behaviors such as affinity, 
selectivity, heterogeneity, capacity, mass transfer analysis were analyzed and the 
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6.3.5   Comparative Performance Evaluation of 
Imprinted Bulk materials 
 
6.3.5.1   Selectivity and Imprinting Performance 
 
Selectivity and imprinting performance evaluation of sol-gel and acrylic materials are 
discussed in the following subsections. 
 
6.3.5.1.1   Sol-gel Bulk MIX/NIX 
 
Chromatographic test was first conducted in order to obtain the retention factor (k), 
separation factor (α) and imprinting factor (IF).  For this purpose, (R)-AGT (template) and 
GLU (analogue) in aqueous media were injected in the MIX/NIX packed columns and the 
chromatograms obtained are illustrated in Figures 6.25 and 6.26. 
It is worth mentioning here that the sol-gel imprint was not able to discriminate the 
enantiomers with the various eluent combinations studied. In this case GLU, the 
structural analogue was used instead of (S)-AGT to study the imprinting effect and 
selectivity of the imprinted sol-gel matrix. 
 
 
Figure 6.25: Chromatographic profile for the sol-gel imprinted xerogel (MIX-SG-Bu-AGT). (Injection : AGT and GLU 
mixture in aqueous media) HPLC conditions: Column Size :50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile 
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Figure 6.26 : Chromatographic profile for the sol-gel non- imprinted xerogel (NIX-SG-Bu-AGT). (Injection : AGT and GLU 
mixture in aqueous media)  HPLC conditions: Column Size :50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile 
phase: 10%  ACN.  
 
Figures 6.25 and 6.26, clearly demonstrated that MIX was capable of separating the (R)-
AGT and GLU. On the other hand NIX was incapable of separating the template and 
analogue revealing the promising imprinting effect in MIX.  
As quantification of the imprinting effectiveness, k, α and IF values have been evaluated 
from the retention time of the template and analogue in the chromatographic profiles of 
imprinted and non-imprinted materials and the corresponding results are shown in Table 
6.9.  
 













MIX 7.74 0.57 13.40 
0.80 11.30 
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The retention factor of the MIX for the template (R)-AGT  was 7.7 and 0.57 for GLU 
which was negligible. In addition, significant imprinting factor observed for MIX IF =11.3 
indicated the successful imprinting of (R)-AGT in MIX. Further the higher separation 
factor of 13.4 for the imprinted xerogel proved the much higher selectivity for the 
template over its analogue. The NIX properties further support the imprinting effect in 
MIX, namely its lowest k, IF and α values as seen in Table 6.9.  
 
6.3.5.1.2  Acrylic Bulk MIP/NIP 
 
The imprinted acrylic polymer showed an outstanding performance in HPLC mode, as 
can be realized from the chromatograms for the imprinted and non-imprinted polymers, 
presented in Figures 6.27 and 6.28. 
 
 
Figure 6.27 : Chromatographic profile for the acrylic  imprinted polymer (MIP-Ac-Bu-AGT). (Injection : (R)-AGT and (S)-
AGT mixture in ACN) HPLC Conditions : Column Size :50 X 4.6mm; UV detection: 250nm, Flow: 1mL/min; Mobile phase: 
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Figure 6.28: Chromatographic profile for the acrylic non- imprinted polymer (NIP-Ac-Bu-AGT). (Injection : (R)-AGT and 
(S)-AGT mixture in ACN) Conditions : Column Size :50 X 4.6mm; UV detection: 250nm, Flow: 1mL/min; Mobile phase: 
100%  ACN  
In the chromatographic evaluation of bulk acrylic MIP and NIP, the imprinted polymer 
was capable of discriminating the enantiomers, but the NIP no. This extraordinary result 
obtained for the imprinted polymer can be explained by the formation of strong 
complexation between BAAPy and AGT (1:1) which was observed by 1H NMR titration 
analysis.  
The chromatographic properties such as k, α and IF for the bulk polymers have been 
calculated for the imprinted and non-imprinted sorbents and the calculated values are 
represented in Table 6.10. 
 













MIP 7.52 0.76 9.83 
1.14 11.28 
NIP 0.66 0.66 1.00 
 
In Table 6.10, it is clearly noted that the imprinted polymer had very high affinity for the 
template (R)-AGT as compared to (S)-AGT, showing an effective recognition capability 
of the imprinted polymer, resulting in an eight fold higher retention factor observed for 















(R) and (S)-AGT 
(S)-AGT 
(R)-AGT 
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analogue (S)-AGT,  a high selectivity was demonstrated for the MIP. The results 
obtained with the NIP (non-separation of enantiomers)further supported that the MIP  
performance was due to the imprinting process. In fact, IF data (11.28 for R-AGT and 
1.14 for S-AGT) are quite elucidating on that regard. 
This remarkable degree of selectivity observed in MIP may probably be explained by a 
superior “spatial fit” which can be understood by the mechanism schemed in Figure 6.5. 
As is well known, in imprinted materials, three dimensional cavities complementary to the 
template are generated during polymerization. Shape selectivity here plays an important 
role in the separation process. 
Remarkable shape selectivity observed in acrylic polymer can well be understood if it is 
compared with sol-gel matrix. The main reason for the “shape selectivity” noticed in 
acrylic polymer is explained by the nature of backbone molecules (organic) present 
around the cavity in the polymer (Figure 6.29). The organic groups present in both 
template and backbone come closer and make more comfortable “organic zone” for the 
generation of shape selective cavities. On the other hand, in sol-gel, the hybrid (organic 
and inorganic) backbone (Figure 6.29) may not contribute the same comfortable zone 
during imprinting process and thus resulted in the formation of  non- enantio selective 
cavities. Further, a strong complexation of the multifunctional monomer (BAAPy) and the 
template, held the R-AGT molecule in close proximity which further supported in the 
formation of more refined shape selective cavities. The weak interaction observed for the 
sol-gel hybrid functional monomer with the template explained the non-enantio selective 
cavities generated in MIX.  
Sol-gel matrix Acrylic polymer 
 
 
Figure 6.29: Comparison of backbone structures in sol-gel and acrylic imprints. 
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And further it is observed from the chromatographic profile of the imprinted polymer in 
Figure 6.27, a severe peak broadening and tailing especially for the more retained (R)-
enantiomer. This property relates with column efficiency parameters, as discussed next. 
The calculated column efficiency parameters for the sol-gel and acrylic MIX & MIP are 
presented in Table 6.11. 
 
Table 6.11: Column efficiency determining parameters 
Imprinted material 
Number of theoretical 
plates (N) 
Height equivalent 
to a theoretical 
plate, mm (H) 
MIX-Bulk-AGT 6.80 7.35 
MIP-Bulk-AGT 16.78 2.97 
 
From Table 6.11, it is clearly seen that the MIP columns are much more efficient than the 
MIX columns with its calculated high “N” and low “H” values. Column efficiency 
parameters can be further explained with mass transfer kinetic details which will be 
discussed in the following section. 
Furthermore, the frontal analysis experiment was carried out in order to have more 
detailed information about the affinity parameters such as capacity, heterogeneity index 
and mass transfer kinetics, the latter two being intimately connected with peak shape 
and chromatographic efficiency. 
 
6.3.5.2  Binding Properties 
 
Frontal analysis experiment was conducted and the isotherm data (Figures 6.30 and 
6.31) were fit to different isotherm models as described in Section 2.6.3 and the binding 
parameters were extracted from the non-linear fitting analysis (Tables 6.12 -6.14).  




Figure 6.30 : Equilibrium binding isotherms of (R)-AGT and GLU for the sol-gel (MIX and NIX) xerogels 
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Table 6.12: Langmuir Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 6.30 and 6.31 
Material    K (mM-1) q*(µmol/L) Chi2 F-value 
Acrylic 
MIP-Ac-Bu-AGT 
(R)-AGT 100±6.3 7666±126 51778 101 
(S)-AGT 80±4.0 746±16 155 220 
NIP-Ac-Bu-AGT 
(R)-AGT 200±16 1245±47 785 113 
(S)-AGT 200±16 1257±54 983 91 
Sol-gel 
MIX-SG-Bu-AGT 
(R)-AGT 500±25 7174± 248 3969 422 
GLU 250±19 1286±58 739 112 
NIX-SG-Bu-AGT 
(R)-AGT 111±5.0 304±3.9 20 321 
GLU 111±5.0 298±4.4 23 258 
 
Table 6.13 : Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 6.30 and 
6.31 








(R)-AGT 0.36±0.01 653.22±62.51 135980 38 
(S)-AGT 0.54±0.02 21.4±3.0 900 38 
NIP-Ac-Bu-
AGT 
(R)-AGT 0.58±0.03 24.92±5.2 3888 23 




(R)-AGT 0.71±0.03 48.64± 7.8 25215 66 
GLU 0.62±0.04 18.27±13.9 3089 27 
NIX-SG-Bu-
AGT 
(R)-AGT 0.44±2.4 17.54±2.4 262 24 
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Table 6.14: Langmuir –Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 
6.30 and 6.31 








































































Extracted derivatives from fitting analysis provided important information about the 
materials such as q* (maximum sorption capacity of template and analogue) and 
heterogeneity index.  
According to the Fischer analysis, for the acrylic (MIP & NIP) and sol-gel MIX, L-F 
isotherm fitted better with the experimental values and on the other hand, for the non-
imprinted xerogel, Langmuir isotherm model fitted better with the experimental data 
points. Parameters extracted from these isotherms offered valuable information about 
the sorbents. First, the capacity q* for the sol-gel and acrylic imprinted material showed 
remarkably higher values for the (R)-AGT i.e., 5521and 9380 µmol/L, which was 10 and 
20 fold higher than the NIP and NIX respectively.  
In addition, lower q* of the structural analogues i.e., (S)-AGT and GLU with 724 and 951 
µmol/L observed for acrylic and sol-gel imprinted materials further confirmed the high 
selectivity of the MIP and MIX.   
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Additional information was gained from the L-F fitting analysis such as association 
constant and heterogeneity index. From Table 6.13, it is noticed that the affinity 
constants for the imprinted materials (MIP and MIX) is about 2 fold higher (267 and 
250mM-1) than the affinity constants observed for its analogue and with its corresponding 
non-imprinted materials (ca.100mM-1). The above observed result further confirmed the 
presence of higher affinity sites for the template (R)-AGT which in turn confirms the 
imprinting effect in MIP and MIX.   
Interesting observation of heterogeneity index values from Table 6.14 for acrylic and sol-
gel imprinted materials demonstrated the presence of heterogeneity in site distribution in 
the sorbent. Such heterogeneity contributed for the observed chromatographic peak 
widening and specially peak tailing (Figures 6.25 and 6.27). Frontal analysis provided 
also the means to qualitatively compare the mass transfer rates with the different 
sorbents. In fact the equilibration times were much short for the MIP (3.50 min) than for 
the MIX (12.26 min), in agreement with the higher efficiency observed for the MIP 
column (Figure 6.32 and Table 6.15). 
 
       
Figure 6.32: Partial frontal chromatograms obtained for sol-gel MIX  and Acrylic MIP. 
 




















































The overall analysis of the results allows to conclude that both sol-gel MIX and acrylic 
MIP were effective imprints.  However, while the sol-gel MIX was only capable of 
discriminating the (R)-AGT from the structural analogue glutarimide (GLU), the acrylic 
MIP showed the outstanding performance of enantiomeric discrimination. These 
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7 Aminoglutethimide: Imprints in Spherical Format 
 
Bulk sol-gel and acrylic materials prepared for the template aminoglutethimide were well 
explored in terms of pore, thermal properties and chromatographic performance, as 
discussed in Chapter 6. Extended work is presented now for the spherical format. For 
the acrylic system “grating from” technique and for the sol-gel approach pore filling 
methods were used and the resulting composite’s performance had been tested and 




7.1.1 Sol-gel pore filling and Acrylic- thin walled 
grafted materials 
 
Sol-gel and acrylic spherical composites were prepared following the similar protocol 
used to prepare the naproxen composites as explained in Chapter 4.  
The composition of the mixtures for the synthesis are presented in Tables 7.1 (sol-gel 
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 Figure 7.2 below depicts the RAFT acrylic polymerization synthesis. 













                                                
                                                                                                                                       
                                                                                                                                         
 
Figure 7.2: Scheme depicting the grafting of AGT imprinted polymer films  











The mechanism follows the same as described 
before in Figure 4.7 except the change in the 
functional monomer BAAPy. Step 2 
Si-500 
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7.2  Results and Discussion 
 
The spherical format was prepared and its properties were studied as in the case of bulk 
format and the following results were obtained for discussion.  
 
7.2.1   Preliminary study of pore filling for sol-gel 
spherical format 
 
For sol-gel pore filling, similar procedure was used as in naproxen composites, but the 
duration of the sol-gel process was modified.  This was due to the low solubility of the 
sol-gel functional monomer, DPS in THF. Low solubility of DPS implied the utilization of 
relatively diluted pre-gelification mixtures, being observed that longer times were 
required for the filling of the pores with an effective amount of sol-gel mixture. Spherical 
sol-gel composites were then prepared in different periods of time of pore filling (8 and 
48 h).  
The resulting composites prepared after 8 h pore filling process were readily tested by 
TGA (Figure 7.3) and HPLC evaluation (Figures 7.4 & 7.5). 
 
Figure 7.3 :Thermogravimetric analysis of imprinted and non-imprinted materials of sol-gel xerogels (8 hours duration 
process). 





Figure 7.4 : Chromatographic profile for the sol-gel spherical imprinted composite (8 hours duration process). (Injection : 
AGT and GLU mixture in aqueous media) HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 230nm, Flow: 




Figure 7.5: Chromatographic profile for the sol-gel spherical non-imprinted composite (8 hours duration process). (Injection 
: AGT and GLU mixture in aqueous media) HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 230nm, Flow: 
0.5mL/min; Mobile phase: 10% ACN.  
 
TGA mass loss data (Figure 7.3) illustrated the very low content (ca.4% weight loss) of 
the sol-gel mix (10% compared with bulk) inside the silica pores and further HPLC 
evaluation demonstrated that there is no significant difference in the retention time noted 
for the imprinted and the non-imprinted composites for the template and analogue 
(GLU). Above results led us to increase significantly the pore filling duration (48h), the 
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7.2.2   Optimization of acrylic grafting process 
 
In order to obtain an efficient imprinted composite (aimed for the better resolution of 
enantiomers) varying influencing parameters such as thickness of the grafted film, 
initiator to RAFT ratio, and the solvent effect have been studied and the results are 
discussed below. 
First, 4nm and 6nm grafted polymer films were prepared with varying initiator to RAFT 
ratio (1:5 and 1:10) in chloroform. The resulting materials were tested with TGA in order 
to confirm the thickness of the film and subsequently the material was tested in HPLC for 
chromatographic selectivity. 
Thermogravimetric results obtained for the above described materials are shown in 
Figure 7.6.  Thickness of the following materials were calculated and the results are 
collected in Table 7.3. 
 
 
Figure 7.6 : Thermogravimetric analysis of grafted material (prepared in CHCl3) with different film thicknesses.  
 
Table 7.3 : Thickness of the ( R) -AGT grafted polymer 
Material  Solvent 
Grafted layer thickness d 
(nm) From TGA 
Expected 
thickness,d (nm) 
MIP-G-S-AGT-4nm (1:5 Ini:RAFT) 
CHCl3 
4.1 4.0 
MIP-G-S-AGT-6nm (1:5 Ini:RAFT) 5.2 6.0 
MIP-G-S-AGT-6nm (1:10 Ini:RAFT) 5.9 6.0 
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The results from the Table 7.3 indicate that the thickness of the grafted MIP layer was 
tuned successfully by controlling the pre-polymerization mixture compositions. Adjusting 
the quantity of the soluble initiator in relation to the immobilized RAFT agent, offered a 
simple means of controlling the kinetics of grafting, resulting in the formation of more 
accurate aimed polymer film thickness (MIP-G-S-AGT-6nm at 1:10 Ini: RAFT in 
Table 7.3).  At elevated RAFT to ABDV ratios, where propagation is expected to be 
significantly slower, resulted in a more homogeneous distribution of crosslinks. This 
behavior is explained well by the CRP mechanism (Section 2.3.2).  
These imprinted materials were also tested by HPLC to gather information about the 




Figure 7.7: Chromatographic profile for the acrylic grafted spherical imprinted composite. (Injection : (R)-AGT and (S)-AGT 
mixture in ACN) HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 250nm, Flow: 0.5mL/min; Mobile phase: 
100% ACN.  
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As can be seen from Figure 7.7 and Table 7.4, a small increase in the thickness of the 
grafted polymer from 4nm to 6nm increased the selectivity a little (α from 2.16 to 2.68). 
However, when the ratio of the RAFT agent was modified, i.e. from 5 to 10, keeping the 
thickness aimed at 6nm, the selectivity factor improved significantly (α from 2.68 to 3.53). 
This effect may be related to the fact that, increasing the RAFT/initiator ratio will lead to a 
decrease in the average kinetic length and the dispersity of those chains [228]. This can be 
envisaged to resulting in a more homogeneous distribution of crosslinks and possibly 
produce a more uniform distribution of imprinted sites that resulted in the higher 
enantioselectivity[122]. 
Further, the effect of addition of lower polarity porogen (1:1, CHCl3: Heptane) over 
chromatographic properties has been studied keeping the thickness and the RAFT: 
initiator ratios constant. A more diluted system will promote the dissociation of monomer- 
template complex thus result in the poor  imprinting[122]. This particular problem concerns 
the dilute conditions used for grafting can be compensated by using the porogens of 
lower polarity. The heptane addition in this case, did in fact exert a strong influence in the 
chromatographic properties. Figure 7.8 and Table 7.5 show the corresponding results in 
comparison with more diluted system (i.e. in 10 mL of CHCl3).  
 
 
Figure 7.8: Chromatographic profile for the acrylic grafted spherical imprinted composite (dilution effect). (Injection : (R)-
AGT and (S)-AGT mixture in ACN) HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 250nm, Flow: 0.5mL/min; 
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1.02 0.29 3.53 
MIP-G-S-AGT-6nm 
(1:10 Ini:RAFT) 
1:1 CHCl3: Heptane 
7.67 0.67 11.45 
 
Outstanding enhancement in selectivity (α, from 3.53 to 11.45) was achieved by the MIP 
composite prepared with low dilution. Addition of heptane into the more dilute system, 
subsequently increase the monomer and the radical concentration and thus forcing the 
penetration of the monomers into the silica pores resulted in the formation of higher 
quality imprinted film and thus explained the remarkable performance of 
enantioselectivity. 
Having studied the time in sol-gel pore filling process and film thickness optimization 
(with varying RAFT and porogen) in acrylic grafted composites, the resulting materials 
from sol-gel MIX-PF-S-AGT, (pore filled over a duration of 48 h) and the acrylic grafted 
composites, MIP-G-S-AGT (6nm thickness prepared using initiator:RAFT of 1:10 and 
CHCl3:Heptane 1:1 ratios) were chosen for further material characterization and HPLC 
tests.  
 
7.2.3   Comparative Pore structure and Thermal 
stability 
 
Pore properties of the spherical sol-gel and acrylic composites were calculated from BET 
measurements and the obtained results are compiled in Table 7.6. 
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Bare silica (Si-500 )-
solid support 
45 40 0.81 
MIX-PF-S-AGT 72 28 0.49 
NIX-PF-S-AGT 75 28 0.41 
MIP-G-S-AGT 167 25 0.54 
NIP-G-S-AGT 144 24 0.46 
 
It is observed from Table 7.6 a significant increment in average surface area and a 
substantial decrement in pore volume and pore diameter of both the acrylic and sol-gel 
materials as compared to bare silica. Figure 7.9 shows the pore distribution histograms 
of the imprinted sol-gel and acrylic composites with respect to its pore volume. 
 
 
Figure 7.9: Pore distribution histograms of sol-gel and acrylic spherical imprints with respect to its pore volume. Please 
consult annex 5 for histograms omitted in this section. (Note: For bare silica the data has taken from the Fuji Silysia, the 
manufacturer, Japan). 
 
The pores created in the composites either by sol-gel pore filling or acrylic grafting 
significantly increased the surface area. Further, decrease in pore volume from the solid 
support confirmed the grafted or pore filled process. In addition, the pore size results 
obtained for the sol-gel and acrylic composites clearly demonstrated the mesoporous 
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Following BET measurement, TGA analyses were carried out for all the final composites 
and the results are illustrated in Figure 7.10 a and b. 
 
   
Figure 7.10: a & b: Thermogravimetric analysis of imprinted and non-imprinted spherical formats of sol-gel (a) and acrylic 
(b) system. 
 
It is noticed from Figure 7.10a that sol-gel pore filled composites started a slow 
degradation (ca. 3% mass loss) from 25°C up to 200°C. This loss may be due to the 
emission of organic solvents and water. And a further mass loss about 6% began at 
around 200°C attributed by the loss of organic content in the hybrid mixture. In the case 
of acrylic composites, a very narrow slope appeared in Figure 7.10b from 50 to 300°C 
illustrating the loss of organic solvents and may be the due to the loss of unreacted 
RAFT agent anchored on the surface of the silica support. And further, a sudden mass 
loss of about 22 % was observed at ca. 300°C demonstrating the polymer degradation.  
In addition to that the sol-gel content inside the silica pore was calculated as 15% with 
respect to the mass loss observed for the bulk. 
Further, the thickness of the acrylic thin layer was calculated from TGA and BET data 
and the values are presented in Table 7.7.  
In order to have a direct comparison, thickness of the pore filled sol-gel xerogels were 
also calculated and are presented in the same table.  Although in sol-gel pore filling the 
thickness of the sol-gel content was not tuned as in the case of grafting, comparable 
values were obtained for types of composites, suggesting that a complete pore filling 
was not achieve for the spherical xerogels. On the other hand, in the acrylic thin walled 
a 
b 
Temperature, C Temperature, C 
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composites the aimed thickness of the grafted layer matched well the experimentally 
estimated thickness.  
 
Table 7.7 : Thickness of the grafted polymer 
Material code 
Grafted layer thickness d (nm) Expected thickness, d 
(nm) From BET From TGA 
MIX-PF-S-AGT 6.0 5.6 40* 
NIX-PF-S-AGT 6.0 5.5 40* 
MIP-G-S-AGT 7.5 5.9 6.0 
NIP-G-S-AGT 7.0 6.3 6.0 
* In sol-gel pore filling the thickness of the sol-gel content was not tuned as in case of grafting. 
 
Subsequently, the composite materials were further viewed in SEM microscope and the 
corresponding images are shown in Figure 7.11. It was seen that the pore filled and 
grafted composites surface appeared smooth and identical to the solid support used, 
indicating that the MIX or MIP was polymerized mainly inside silica pores and not on the 
outer-surface. 
 








   









Figure 7.11 : Scanning electron microscopic images of a. Si-APS solid support b. imprinted sol-gel (MIX-SG-S-AGT) and 
c. acrylic (MIP-G-S-AGT) spherical composites. 
 
Following the material characterization, chromatographic performance was assessed for 
the acrylic and sol-gel composites and the results are discussed in the following section. 
 
7.2.4   Comparative Performance Evaluation of 
Imprinted composites 
 
7.2.4.1   Selectivity and Imprinting Performance 
 
Experience gained from the bulk material assessment and for a direct comparison of the 
bulk versus spherical format (to be presented later), the selectivity experiments were 
conducted in a similar fashion with respect to bulk. Hence, in the case of sol-gel 
spherical format, for the selectivity test, GLU was used as an analogue while for the 
acrylic composites, (S)-AGT was used. 
 
7.2.4.1.1  Sol-gel Spherical Format 
 
The chromatographic profiles of the imprinted & non-imprinted sol-gel composites of the 
AGT and GLU injection are shown in Figures 7.12 and 7.13. 
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Figure 7.12 : Chromatographic profile for the sol-gel spherical imprinted composite  (Injection : AGT and GLU mixture in 
aqueous media) HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: 
10% ACN.  
 
 
Figure 7.13 : Chromatographic profile for the sol-gel spherical non- imprinted composite  (Injection : AGT and GLU mixture 
in aqueous media) HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 230nm, Flow: 0.5mL/min; Mobile phase: 
10% ACN.  
 
The chromatographic profiles (Figures 7.12 and 7.13) of the imprinted and non-imprinted 
sol-gel composites (MIX/NIX) clearly demonstrated, for both, the capability in the 
separation of template and its analogue. However, it is noted that the imprinted MIX 
retained the (R)-AGT more than the NIX which can be attributed to the imprinting effect. 
This behavior can well be explained with the retention, selectivity and imprinting factor 
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224 Aminoglutethimide : Imprints in Spherical Format 
 
 












MIX 7.17 1.55 4.64 
1.11 1.37 
NIX 5.23 1.39 3.77 
 
It is seen that the MIX, with relatively higher  of 4.64 than the NIX (=3.77), exhibited 
higher selectivity for the template AGT over its analogue GLU. However, NIX was also 
capable of discriminating the structural analogues but with less extent. Non-specific 
interaction due to microporous nature of the sorbents, higher ratio of the functional 
monomer used for the synthesis (1:4, T: F.M) and the insufficient packing of silica with 
sol-gel during pore filling process may be some plausible explanations for the behavior 
observed above. 
Further, a relatively low IF value (1.37) observed for the template AGT, showed a poor 
imprinting performance of the MIX. A similar IF value (1.11) observed for the GLU further 
agrees with this data. This performance can perhaps be explained by the incomplete 
pore filling process (i.e 15% of sol-gel inside the pores), and the different overall sol-to-
gel condensation conditions, when compared to bulk. 
 
7.2.4.1.2  Acrylic Spherical Format 
 
As expected, acrylic imprinted composites showed a superior performance i.e. capable 
of separating the enantiomers. Figures 7.14 and 7.15, presenting the chromatographic 
profiles obtained for the R and S enantiomer mixture injection in the acrylic composites, 
are shown below. 
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Figure 7.14 : Chromatographic profile for the acrylic grafted spherical imprinted composite.(Injection : (R)-AGT and (S)-
AGT mixture in ACN)  HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 250nm, Flow: 0.5mL/min; Mobile 




Figure 7.15 : Chromatographic profile for the acrylic grafted spherical non-imprinted composite.(Injection : (R)-AGT and 
(S)-AGT mixture in ACN) HPLC conditions: Column Size : 50 X 4.6mm; UV detection: 250nm, Flow: 0.5mL/min; Mobile 
phase: 100% ACN.  
 
The imprinted acrylic composite was able to discriminate the enantiomers while the non-
imprinted material was not. It is convenient to discuss the chromatographic performance 
results in terms of k, α and IF. These values were calculated from the retention time of 
the each enantiomer with respect the retention time of the void marker and the results 
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MIP 7.67 0.67 11.45 
NIL Very high* 
NIP 0.00 0.00 1.00 
 
The highest retention factor of 7.67 was observed for R enantiomer in MIP and negligible 
retentions for the NIP composite demonstrating the successful imprinting of the template 
in MIP with (R)-AGT.  
A very high selectivity factor (= 11.45) calculated for the MIP demonstrated the superior 
selectivity of the template R-AGT over S-AGT. For the NIP  was only 1, further 
demonstrating the successful imprinting of R-AGT in MIP. 
 
7.2.4.2   Binding Properties 
 
In order to obtain a detailed investigation about the binding properties such as adsorption 
capacity, affinity, selectivity, heterogeneity and mass transfer kinetics, frontal analysis 
was conducted. The obtained equilibrium binding isotherms are shown in Figures 7.16 
and 7.17.  
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Figure 7.16 : Equilibrium binding isotherms of (R)-AGT and GLU for the sol-gel (MIX and NIX) xerogels 
 
 
Figure 7.17 : Equilibrium binding isotherms of (R)-AGT and (S)-AGT for acrylic composites 
 
The experimental isotherms were then fitted with three different isotherm models as 
explained in Chapter 2 Section 2.6.3 and the estimated binding parameters are collected 
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Table 7.10 : Langmuir Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 7.16 and 
7.17 
Material    K (mM-1) q*(µmol/L) Chi2 F-value 
Acrylic 
MIP-G-S-AGT 
(R)-AGT 500 ± 25 7174 ± 247 3969 422 
(S)-AGT 250 ± 19 1287 ± 58 739 112 
NIP-G-S-AGT 
(R)-AGT 100 ± 3 304 ± 3.9 20 321 
(S)-AGT 100 ± 3 298 ± 4.3 23 582 
Sol-gel 
MIX-PF-S-AGT 
(R)-AGT 350 ± 24 3576 ± 151 4455 137 
GLU 200 ± 20 3349 ± 315 891 191 
NIX-PF-S-AGT 
(R)-AGT 1000 ± 100 3154 ± 129 276 689 
GLU 500 ± 250 2715 ± 4.4 483 375 
 
Table 7.11:  Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 7.16 and 
7.17 







(R)-AGT 0.70±0.01 51.41±5.2 10490 66 
(S)-AGT 0.62±0.03 18.27±3.9 3089 27 
NIP-G-S-AGT 
(R)-AGT 0.44±0.02 17.55±2.4 262 24 
(S)-AGT 0.45±0.02 16.2±2.1 214 27 
Sol-gel 
MIX-PF-S-AGT 
(R)-AGT 0.63±0.03 47.56± 9.7 20374 30 
GLU 0.81±0.04 8.00±1.3 2028 84 
NIX-PF-S-AGT 
(R)-AGT 0.78±0.02 10.64±1.3 1242 153 
GLU 0.74±0.02 13.20±1.70 214 114 
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Table 7.12 : Langmuir –Freundlich Isotherm fitting parameters obtained by nonlinear regression of data shown in Figures 
7.16 and 7.17 





(R)-AGT 500±0 7174±0 0.69±0.04 1177 401 
(S)-AGT 143±6 951±22 1.03±0.04 141 582 
NIP-G-S-AGT 
(R)-AGT 100±8 297±9 1.03±0.04 20 314 
(S)-AGT 111±11 301±11 0.98±0.04 24 276 
Sol-gel 
MIX-PF-S-AGT 
(R)-AGT 333±8 2679±66 1.03±0.04 922 662 
GLU 167±44 2029±22 1.03±0.06 506 336 
NIX-PF-S-AGT 
(R)-AGT 500±75 2576±199 1.08±0.03 225 846 
GLU 500±65 2391±246 1.05±0.05 475 381 
 
As described earlier, Fisher test was used to select the best isotherm model to describe 
the binding properties of the materials. According to this method, for the acrylic 
imprinted, sol-gel imprinted and non-imprinted composites, the L-F model was chosen as 
the best fitted isotherm model on the other hand, for the non-imprinted grafted 
composite, the experimental data was best fitted with the Langmuir isotherm model. 
For the acrylic composites the q*, the maximum adsorption capacity for the template (R)-
AGT was found to be 7174 µmol/L for the imprinted and 304 µmol/L for the non-
imprinted composites demonstrating the imprinting efficiency in MIP. Further the lower q* 
observed for the analogue (S)-AGT (q* 951 µmol/L) illustrated the much higher selectivity 
of the MIP towards the template. In addition, the association constants calculated for 
these materials supported the above observation. Three fold higher affinity constants 
(Kc=500mM-1) observed for the (R)-AGT demonstrated the presence of higher affinity 
sites for the template (R)-AGT in MIP.  
It is an interesting observation noted by the NIP composite, where it fitted better with the 
Langmuir model, thus suggesting the presence of homogeneous site distribution. Also it 
was interesting to observe that the association constant calculated for the template and 
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its analogue were the same illustrating the presence of similar affinity sites that was 
created by porogen. Chromatographic profile agrees with this observation (Figure 7.15). 
In the case of sol-gel pore filled imprinted composite, there was only a slight difference 
between the q* observed for the (R)-AGT and its analogue GLU (2679 and 2029 µmol/L). 
Also there is a small difference between MIX and NIX q* values as noticed in Table 7.12. 
The sol-gel pore filled MIX composite demonstrated therefore lower capacity and low 
selectivity, in agreement with the chromatographic separation performance.  
The lowest heterogeneity index “m” (m= 0.69) was observed for the imprinted MIP 
composite, showing the presence of heterogeneity in site distribution. On the other hand, 
the heterogeneity index values observed for sol-gel composites and non-imprinted NIP 
composite were close to 1, suggesting homogeneous site distributions. 
Despite the superior selectivity and imprinting performance of MIP composite, the poor 
chromatographic column efficiency (Figure 7.14) with pronounced band broadening was 
observed for the imprinted template, indicating poor mass transfer kinetics. This can be 
easily evaluated from the column efficiency determining parameters (Table 7.13) and 
frontal experimental chromatograms (Figure 7.18). 
 






It is clearly seen from Table 7.13 that the MIX showed superior column efficiency (with 
higher N and lower H) then the MIP column (N=15.33 and H=3.26mm). In the conditions 
employed, the MIX column was much more efficient than the MIP column, irrespective of 
the poorer selectivity and imprinting nature. The band broadening in the MIP column is in 
agreement with the slower mass transfer kinetics observed in frontal analysis staircase 
profiles, shown in Figure 7.18 a and b and Table 7.14. 
 
Imprinted materail 
Number of theoretical 
plates (N) 
Height equivalent to 
a theoretical plate 
(H),mm 
MIX-PF-S-AGT 74.55 0.67 
MIP-G-S-AGT 15.33 3.26 
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Figure 7.18 : Partial frontal chromatograms a. Sol-gel spherical composite b. Acrylic spherical composite 
 






It is not straightforward to directly compare the equilibration time required to reach the 
saturation point at a particular concentration because of very different eluents 
(Acrylic:100%ACN and Sol-gel:10% ACN) used for the sol-gel and acrylic composite 
materials. Nevertheless, a slower mass transfer kinetics for the acrylic composite, under 
the employed conditions, can be easily perceived from Figure 7.17, and that is agreeing 
with a lower chromatographic efficiency.  
In this study, the main objective of frontal analysis experiment was to estimate the 
adsorption capacity and association constant for the template and its analogue using an 
a previously optimized mobile phase. This is why the different eluents were used for 
different columns. 
To summarize, the sol-gel spherical format showed a massive increase in the 
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the acrylic composites which showed a superior performance in terms of the capacity 
and the enantioselectivity. 
Chapter 8 deals with the consolidated evaluation and comparison of different formats 
(Bulk and Spherical) prepared by the two different methods (Sol-gel and Acrylic) which 
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8 Aminoglutethimide: Consolidated Evaluation: Sol-gel vs. 
Acrylic    
 
This chapter highlights the performance of bulk and spherical formats produced by sol-
gel and acrylic approaches. A comparison of parameters such as pore properties, 
imprinting factor and selectivity, binding affinity and capacity, heterogeneity and mass 
transfer kinetics, bringing up a final conclusion to the work carried out for 
aminoglutethimide.  
8.1 Pore properties 
 
Pore properties of sol-gel and acrylic materials (bulk and spherical) are compiled in 
Table 8.1 
 











MIX-SG-Bu-AGT 13 3.1 0.03 
NIX-SG-Bu-AGT ND 3.0 0.002 
MIP-Ac-Bu-AGT 207 28 0.18 
NIP-Ac-Bu-AGT 91 33 0.09 
 
Bare silica (Si-500 )-
solid support 
45 40 0.81 
Spherical 
MIX-PF-S-AGT 72 28 0.49 
NIX-PF-S-AGT 75 28 0.41 
MIP-G-S-AGT 167 25 0.54 
NIP-G-S-AGT 144 24 0.46 
ND: Non -determined 
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Bulk Sol-gel vs. Acrylic:  
As already presented in section 6.3.4, negligible surface area and mean pore diameter of 
3nm observed for the sol-gel bulk xerogels clearly indicated the predominance of 
microporosity. On the other hand, the acrylic bulk MIP/NIP exhibited higher surface area 
(MIP 207 and NIP 91 m2/g) demonstrating the presence of mesoporosity (Dp, ca. 30nm). 
Spherical Sol-gel vs. Acrylic:  
As discussed in section 7.2.3, similarity in pore diameter observed for the sol-gel and 
acrylic spherical formats demonstrated the mesoporous nature of the composites. 
Further, increase in surface area when compared to its support material clearly indicated 
that pores are generated in the pore filled or grafted layer. 
Bulk vs. Spherical sol-gel:  
Significant difference in pore properties between the bulk and the spherical format was 
observed as expected. Bulk sol-gel exhibited an essentially microporous (Dp, 3nm) 
nature whereas the spherical format turned to be mesoporous (Dp, 28nm). Pore filling 
process significantly increased the pore volume and the surface area of the materials 
when compared to the bulk format.  
Bulk vs. Spherical acrylic : 
Acrylic bulk and spherical imprints exhibited average pore diameters (ca. 30nm) in the 
mesoporosity range and, consistently, relatively high surface areas (bulk: 207 m2/g, 
spherical :167m2/g). Controlled grafting process significantly decreased the pore volume 
from the spherical solid support but even so, comparing to the bulk MIP,  a 3 fold higher 
volume was found. 
 
8.2   Imprinting factor (IF) and Selectivity () 
 
It is worth mentioning here that sol-gel imprint was unable to discriminate the 
enantiomers unlike acrylic imprints even with varied eluent combinations tried. In this 
case GLU, the structural analogue was used instead of (S)-AGT to study the imprinting 
factor and selectivity of the imprinted sol-gel matrix.  
Imprinting factor and selectivity of the materials are presented in Figures 8.1 and 8.2. 
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Figure 8.1 : Imprinting factors for acrylic and sol-gel bulk and spherical formats towards template and its analogues. 
(SG-Bu-AGT : Sol-gel bulk imprinted and non-imprinted xerogels ,SG-PF-S-AGT : sol-gel pore filled spherical imprinted 
and non-imprinted xerogels, Ac-Bu-AGT : Acrylic bulk imprinted and non-imprinted polymers, Ac-G-S-AGT: Acrylic 
grafted spherical composite) 
 
 
Figure 8.2: Selectivity of acrylic and sol-gel bulk and spherical formats. 
(MIX-SG-Bu-AGT: imprinted sol-gel bulk xerogels ; NIX-SG-Bu-AGT: non-imprinted imprinted sol-gel bulk xerogel ; MIX-
PF-S-AGT : Imprinted pore filled spherical xerogels; NIX-PF-S-AGT : Non-imprinted pore filled spherical xerogels ; MIP-
Ac-Bu-AGT: Imprinted acrylic bulk polymer; NIP-Ac-Bu-AGT: Non-imprinted acrylic grafted spherical composite; MIP-G-




















































α = kRAgt/kGLU α = kRAgt/kSAGT
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Bulk Sol-gel vs. Acrylic:  
This was already dealt in detail (cf. 6.3.5.1.1 and 6.3.5.1.2). Sol-gel and acrylic bulk 
materials performed distinctly with reference to selectivity. 
A high imprinting factor observed for sol-gel MIX (IF =11.3) indicated the successful 
imprinting of (R)-AGT in MIX. Further the higher separation factor of 13.4 for the 
imprinted xerogel proved the much higher selectivity for the template over its analogue. 
The NIX properties further support the imprinting effect in MIX, namely its lowest IF and 
α values as seen in Figures 8.1 and 8.2.  
The acrylic imprinted polymer with a separation factor of 9.83 over its analogue (S)-AGT, 
demonstrated a high enantioselectivity. The results obtained with the NIP (non-
separation of enantiomers) further supported that the MIP performance was due to the 
imprinting process. In fact, IF data (Figure 8.1)) are also elucidating on that regard. 
Spherical Sol-gel vs. Acrylic:  
In sections 7.2.4.1.1 and 7.2.4.1.2, it was explained that the MIX, exhibited higher 
selectivity for the template AGT over its analogue GLU. NIX was also capable of 
discriminating the structural analogues but with less extent. From Figure 8.1 low IF value 
(1.37) observed for the template AGT, gives a poor imprinting performance of MIX. A 
similar IF value (1.11) observed for the GLU further agrees with this data. 
Regarding acrylic, the highest retention factor of 7.67 was observed for R enantiomer in 
MIP and negligible retentions for the NIP composite demonstrating the successful 
imprinting of the template in MIP with (R)-AGT. A very high selectivity factor (= 11.45) 
calculated for the MIP illustrating the better selectivity.  
Bulk Vs. Spherical sol-gel:  
MIX bulk showed better selectivity than MIX spherical over its analogue GLU. Also MIX 
bulk showed higher imprinting factor over MIX spherical. Insufficient pore filling process 
and the non-identical reaction conditions (viz. condensation time and temperature) used 
in making spherical format may have resulted in lower IF and . 
Bulk vs. Spherical acrylic:  
Imprinted acrylic bulk and spherical formats were able to discriminate the enantiomers, 
while the non-imprinted material showed no separation ability.  
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Very high separation factors = 9.83 and 11.45 for bulk and spherical acrylic formats 
calculated for the MIP demonstrated the high selectivity of the template (R)-AGT over its 
enantiomeric competitor (S)-AGT. Negligible values were observed for the NIP and the 
separation factor =1 further demonstrating the successful imprinting of (R)-AGT in MIP 
bulk and spherical formats. 
A comparison of data found with previous reports regarding the enantiomeric selectivity 
obtained using molecularly imprinted polymer as chiral stationary phase (MIP-CSP) is 
presented in Table 8.2. 
 
Table 8.2: Collective selectivity data of MIP-CSP for different sorbates. 





Surface imprinting  non-
covalent 
[230] 













(R)- AGT 9.83 
Stoichiometric non-covalent  MIP-Ac-Bu-AGT, 
Present work 
(R)- AGT 11.45 
Stoichiometric non-covalent MIP-G-S-AGT,  
Present work 
 
As noticed from Table 8.2, a superior performance in selectivity was achieved in the 
present work with acrylic imprints in both bulk and spherical formats when compared to 
the other MIP-CSP. The application of a stoichiometric non-covalent approach may be 
on the basis of such great success, which appeared to increase to some extent by the 
controlled RAFT approach inside spherical silica pores. 
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8.3 Binding Affinity and Capacity  
 
Binding affinities and capacities were calculated by frontal analysis experiments and are 
given in Figures 8.3 and 8.4. 
 
 
Figure 8.3: Binding capacities of the acrylic and sol-gel bulk and spherical formats for AGT. 
(MIX-SG-Bu-AGT: imprinted sol-gel bulk xerogels ; NIX-SG-Bu-AGT: non-imprinted imprinted sol-gel bulk xerogel ; MIX-
PF-S-AGT : Imprinted pore filled spherical xerogels; NIX-PF-S-AGT : Non-imprinted pore filled spherical xerogels ; MIP-
Ac-Bu-AGT: Imprinted acrylic bulk polymer; NIP-Ac-Bu-AGT: Non-imprinted acrylic grafted spherical composite; MIP-G-
S-AGT: Imprinted grafted spherical composite; NIP-G-S-AGT : Non-imprinted grafted spherical composite) 
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Bulk Sol-gel vs. Acrylic: 
As previously explained in section 6.5.3.3 the capacity q* for the bulk sol-gel and acrylic 
imprinted material showed remarkably higher values for the (R)-AGT (Figure 8.3) which 
was10 and 20 fold higher than the NIP and NIX respectively. In addition, lower q* of the 
structural analogues i.e., (S)-AGT and GLU observed for acrylic and sol-gel imprinted 
materials further confirmed the high selectivity of the MIP (enantioselectivity) and MIX.  
Also it is noticed that the affinity constants for the imprinted materials (MIP and MIX) are 
about 2 fold higher than the affinity constants observed for its analogue and with its 
corresponding non-imprinted materials (Figure 8.4). The above observed result further 
confirmed the presence of stronger affinity sites for the template (R)-AGT which in turn 
confirms the imprinting effect in MIP and MIX. 
Spherical Sol-gel vs. Acrylic:  
As described earlier (cf.7.2.4.2), in the case of sol-gel pore filled imprinted composite, a 
minimal difference in the q* for the (R)-AGT and its analogue GLU was observed (Figure 
8.3). Also there is a small difference between MIX and NIX q* values as noticed in Figure 
8.3.  The sol-gel pore filled MIX composite showed lower capacity and low selectivity, 
which was in agreement with chromatographic separation performance (Figure 7.12). 
In the acrylic composites the q*, the highest adsorption capacity for the template (R)-
AGT was found for the imprinted and the lowest for the non-imprinted composites 
(Figure 8.3) demonstrating the successful imprinting in MIP. Further the lower q* 
observed for its analogue (S)-AGT illustrated the much higher selectivity of the MIP 
towards the template. In addition, three fold higher affinity constants observed for the 
(R)-AGT demonstrated the presence of stronger affinity sites for the template (R)-AGT in 
MIP (Figure 8.4).  
Concerning NIP, it was interesting to observe that the association constant calculated for 
the template and its analogue were the same illustrating the presence of similar affinity 
sites that was created by porogen.  
Bulk vs. Spherical sol-gel: 
From Figure 8.3, a higher capacity was noticed for the bulk (9.05µmol/g) than for the 
spherical format (1.80 µmol/g). The affinity constant for the template (R)-AGT in both bulk 
and spherical MIX was higher than for its structural analogue GLU proving the presence 
of stronger affinity sites for the template (Figure 8.4). Huge difference in q* observed for 
the template and analogue in bulk format clearly represented the higher selectivity 
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towards template. Lower q* and K observed for the NIX bulk demonstrated a higher 
imprinting nature in bulk MIX. 
Spherical format materials showed a negligible difference between the q* observed for 
the (R)-AGT and its analogue GLU (4.39 and 3.84 µmol/g). Also there is a small 
difference between MIX and NIX q* values as noticed in Figure 8.3. The sol-gel pore 
filled MIX composite demonstrated low capacity and low selectivity. This behavior may 
be explained by the insufficient pore filling optimization procedure. A higher binding 
constant for NIX with K (500 mM-1) was found for both template and analogue which 
was unexpected and no plausible explanation can be put forward at this moment. 
Bulk vs. Spherical acrylic:  
It is worth mentioning here that both bulk and spherical format acrylic imprints showed to 
be an enantioselective. A higher q* and K observed for the template (R)-AGT than its 
analogue (S)-AGT in bulk and spherical imprints, illustrated the higher selectivity in MIP. 
The approximately two fold lower magnitude of q* noticed for the spherical format can be 
explained by the presence of much lower content of the polymer in thin grafted film 
inside silica pores. Relatively very low q* was noticed for NIP bulk in both formats 
demonstrating the successful imprinting.  
Furthermore, the capacities obtained for some AGT imprints, especially the bulk acrylic 
(17.4 µmol/g) were significantly higher than those obtained for the naproxen imprints 
(3.7-6.3 µmol/g). Nevertheless, also the AGT imprints exhibited much lower capacities 
than those found for the conventional sorbents (c.f .chapter 5, Tables 5.3 and 5.4). As 
said before, the production of high capacity imprints remains a challenge for both sol-gel 
and acrylic formats.  
 
8.4  Site heterogeneity and mass transfer 
 
Shown below are figures and tables (Figures 8.5 and 8.6; Tables 8.5 and 8.6 ) containing 
the heterogeneity index, column efficiency and mass transfer kinetics information of all 
the materials studied for the template aminoglutethimide.  
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Figure 8.5: Heterogeneity index chart for acrylic and sol-gel bulk and spherical formats 
MIX-SG-Bu-AGT: imprinted sol-gel bulk xerogels ; NIX-SG-Bu-AGT: non-imprinted imprinted sol-gel bulk xerogel ; MIX-
PF-S-AGT : Imprinted pore filled spherical xerogels; NIX-PF-S-AGT : Non-imprinted pore filled spherical xerogels, MIP-
Ac-Bu-AGT: Imprinted acrylic bulk polymer; NIP-Ac-Bu-AGT: Non-imprinted acrylic grafted spherical composite; MIP-G-
S-AGT: Imprinted grafted spherical composite; NIP-G-S-AGT : Non-imprinted grafted spherical composite. 
 
The lower heterogeneity index “m” observed for all the successful imprints showed the 
presence of heterogeneity site distribution (m0.6), which reflect the existence of 
different configurations for the stronger affinity imprinted sites. On the other hand, the 
heterogeneity index values observed for sol-gel composites and non-imprinted NIP 
composite were close to 1, demonstrating the presence of homogeneous, non-selective 
sites in the corresponding sorbents (Figure 8.5). 
Despite the very high selectivity and imprinting performance of MIPs (bulk and 
spherical), a poor chromatographic column efficiency (Figures 6.27 and 7.14) with 
pronounced band broadening was observed for the imprinted template, indicated a poor 
mass transfer kinetics.  The same was seen in bulk sol-gel material. This can be easily 
evaluated from the column efficiency determining parameters (Table 8.3) and frontal 
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Figure 8.6 a-d: Partial frontal chromatograms obtained for sol-gel and acrylic imprints MIX-SG-Bu-AGT: imprinted 
sol-gel bulk xerogels ; MIX-PF-S-AGT : Imprinted pore filled spherical xerogels; MIP-Ac-Bu-AGT: Imprinted acrylic bulk 




























































Number of theoretical 
plates (N) 
Height equivalent 
to a theoretical 
plate (H), mm  
MIX-SG-Bu-AGT 6.80 7.35 
MIX-PF-S-AGT 74.55 0.67 
MIP-Ac-Bu-AGT 16.78 2.97 
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MIX-SG-Bu-AGT: imprinted sol-gel bulk xerogels ; MIX-PF-S-AGT : Imprinted pore filled spherical xerogels; MIP-Ac-Bu-
AGT: Imprinted acrylic bulk polymer; MIP-G-S-AGT: Imprinted grafted spherical composite. 
 
Tables 8.3 and 8.4 and Figure 8.6 a-d, showed a column performance in terms of N and 
H values and equilibration time obtained for the imprinted materials at a particular 
concentration variation  i.e 5-10µM step in frontal analysis. From the results obtained the 
same ascending order of the column efficiency and equilibration time was obtained:  
MIX-SG-Bu-AGT  MIP-Ac-Bu-AGT  MIP-G-S-AGT  MIX-PF-S-AGT. 
The mass transfer rate appeared tough to be the predominant factor which explained the 
differences in efficiency despite the use of different eluents and the particle shape of the 
sorbents.  
Bulk Sol-gel vs. Acrylic: A study from Chapter 6 revealed that the acrylic bulk MIP has 
higher column efficiency and higher mass transfer kinetics rate (Tables 8.3 and 8.4 and 
Figure 8.6a-d) with less equilibration time than sol-gel. This may be due to higher surface 
area and mesoporosity observed for the MIPs (Table 8.1).  
Spherical Sol-gel vs. Acrylic: The mass transfer rate seemed to be much faster in the 
case of spherical sol-gel. The insufficient pore filling process probably led to very thin 
layers of low sol-gel content inside the silica pores (in agreement with the very low 
capacity obtained, 1.8 µmol/g) which would give more room for the free flow of the 
mobile phase that resulted in the fast transfer kinetics.  
 
Imprinted material 
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Bulk vs. Spherical sol-gel: As expected, spherical format showed faster mass transfer 
kinetics than that of the bulk imprints. This can be due to the thin films, higher surface 
area, mesoporosity and the higher pore volume measured for the spherical format 
Bulk vs. Spherical acrylic: The equilibration data from Table 8.6 (bulk: 6.49 and 
spherical: 4.07 min) allows deducing a faster mass transfer for the spherical format. 
Though the surface area and the pore diameter seemed to be similar in both formats, the 
pore volume difference (3 fold higher for spherical) and thinner imprinted layers may 
explain the high mass transfer rate that led to the lower equilibration time.  
 
8.5 Conclusions  
 
As in the case of naproxen there were some constraints in comparing the imprints 
prepared for the template aminoglutethimide. The functional monomers used for different 
approaches were different. Though both acrylic and sol-gel functional monomers were 
“diaminopyridine” based capable of forming D-A-D interaction with template, these 
consisted of somewhat different substructures (Figure 6.2). The different eluents used in 
the chromatographic studies were one of the most important changes to be noticed. In 
the case of acrylic, non-aqueous 100% ACN was used, while for sol-gel, 10% ACN (v/v) 
was used as mobile phase. 
As for naproxen, it was decided anyway to attempt an overall ranking of the four imprints, 
within the frame of caution imposed by the limitations cited above, and results are shown 
in Table 8.5. 
 
Table 8.5: Overall ranking of the imprinted materials as based on key parameters 
 
 
    
 
 
                  
*the lowest the best 
Imprinted material 
Ranking of key parameters 
IF  q* K kinetics Total 
, q* and 
kinetics 
MIX-SG-Bu-AGT 
2 4 2 4 4 16 9 
MIX-PF-S-AGT 
4 4 4 2 1 15 9 
MIP-Ac-Bu-AGT 
2 1 1 3 3 10 6* 
MIP-G-S-AGT 
1 1 3 1 2 8* 6* 
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Different imprints ranked differently with respect to the several ranking parameters. For 
instance, acrylic imprints showed excellent performance in selectivity when compared to 
sol-gel imprints, while the spherical sol-gel format allowed for the fastest mass transfer. 
Keeping the above in mind, general conclusions made from the overall ranking of the 
most important performance parameters such as , q* and mass transfer kinetics , it is 
clear that both acrylic MIPs showed to have a better performance than sol-gel imprints. 
In selectivity the difference was huge as pointed out before. Among the acrylic imprints, 
the spherical format allowed for a slight increase in selectivity and improved the mass 
transfer characteristics, at the cost of a much lower capacity. 
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9. Final conclusions and Future perspectives 
 
The goal of this doctoral work was to systematically compare the sol-gel and acrylic 
imprints prepared in two different formats. As a priority for this study, two classes of 
pharmaceutical drugs namely naproxen (acidic) and aminoglutethimide (basic) were 
chosen as model templates. In the past, only two unique reports on the comparison of 
sol-gel and acrylic approaches were made, as to our knowledge, and it was only a 
random study and tend to leave the impression that sol-gel might successfully challenge 
the dominance of the acrylic approach. We decided then that the high relevance of this 
subject deserved further study. Hence, in this present work a careful effort has been 
taken to obtain a systematic comparison in terms of material pore and thermal 
properties, chromatographic performance parameters such as imprinting and selectivity 
factors and binding properties including binding capacity and affinity, association 
constant, heterogeneity index and  mass transfer kinetics.  
 
As shown in chapter 5, the overall comparison of the different parameters studied finally 
gave a conclusion that the acrylic naproxen-imprints, especially in the thin-walled (MIP-
G-S-NAP) spherical format, exhibited better features when compared to sol-gel 
naproxen-imprints. For the template aminoglutethimide (chapter 8), again, the acrylic 
imprints exhibited superior performance for the most important parameters, namely 
selectivity, capacity and mass transfer rate. Most noticeably, the thin-walled (MIP-G-S-
AGT) spherical format, once more, has shown advantages (concretely higher selectivity 
and faster mass transfer) over the bulk acrylic format, and therefore a trend appears to 
have arisen from within this very restricted set of two templates studied. 
 
A possible rational explanation for the successful imprinting in the acrylic format (bulk 
and spherical) lies in the utilization of non-polar environments, which is significantly 
favorable to the Monomer-Template (M-T) complexation stability which is the 
prerequisite for the production of better imprints. Non-covalent interactions viz. hydrogen 
bonding / - interaction/ ion pairing / other weak interactions:- are all favored in non-
polar environments employed for the radical (free and controlled) polymerization. 
Particularly interesting results achieved for the spherical format, suggested that it may  




become in the near future an approach of choice, may be explained by the generation of 
higher quality tailor made porous thin imprinted film obtained by RAFT controlled grafting 
process. Further studies employing this approach for other kinds of template are 
necessary, but it is likely to produce high quality imprints for most of the molecules with 
sizes in the same order of magnitude of the drugs chosen as template here, which are 
soluble in low polarity solvents. 
 
Further, in acrylic bulk format, the mesoporous structure obtained after radically 
polymerized imprints had a great influence on the observed superiority over sol-gel 
imprints (essentially microporous). Tuning the sol-gel synthesis toward mesoporosity in 
the future is feasible, although caution has to be employed, so that the measures taken 
in such direction may not become deleterious for the imprinting process. 
 
In addition, the acrylic imprints in both formats showed to be thermally more stable when 
compared to the sol-gel imprints where slow decomposition started at lower temperature. 
Unfortunately, the information gathered in the TGA graphs are not sufficient enough to 
predict the thermal stability of the imprinted cavities, which should occur earlier than 
mass loss. It would be helpful to compare the glass transition temperature data of 
materials by DSC in future work. 
 
Aside from the sol-gel/acrylic methods comparison, it is worth highlighting here a few 
important achievements accomplished in the course of this work. New functional 
monomers (imidazolium based ionic liquid and bisamidopyridine based) have been 
designed and successfully synthesized in order to obtain a strong M-T complex. 
Spherical sol-gel imprints obtained by a facile pore filling process were here developed 
for the first time with some success. A most remarkable result to be mentioned is the 
superior enantioselectivity achieved for the acrylic imprints in the case of AGT, which 
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1H NMR Titration Experiment for Naproxen 
 
To gain some insight into the intermolecular interaction accompanying the complexation 
of NAP-IL-A and NAP-IL-SG (Figure A1-1), 1H NMR titration experiments were 
performed.  
                               
[IL-A -NAP]                                      [IL-SG – Na-NAP] 
 
Figure A1-1: Complexation of NAP and functional monomers 
To mimic the experimental condition IL-A and IL-SG functional monomers were titrated 
with Na-NAP and observed the change in the chemical shift. Unfortunately, the 
precipitation occurred during the addition of Na-NAP and the change observed in the 
NMR titration results was unreliable. The example spectrums are shown in Figures A1-2 
and A1-3. 
In Figure A1-2, it was noticed that there was no change in chemical shift observed for the 
-HN-N-NH- protons. Further, in Figure A1-3, the small change in chemical shift observed 
for -H2C-CH2-CH2 protons could not be considered because of the precipitation. A similar 
issue occurred with different solvents studied (e.g. DMSO-d6, CD3OD, CDCl3). Due to 
above setback of the 1H NMR titration experiments an alternate method of UV-Vis 
titration experiments were carried out. In this particular case, the use of higher volume of 
solvent resolved the problem of precipitation. UV-Vis experiment results were well 
discussed under Section 3.10.1. 
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Synthesis of 2,6 bis (methyl-trimethoxysilylurelene) pyridine, a 
sol-gel functional monomer 
 
In a 20-mL round bottom flask containing a magnetic stirring bar were placed 
bisacrylamidopyridine (97 mg, 0.46 mmol), 0.47 mL of HSi(OMe)3, 1 mL of toluene, and 
0.3 mL of a 4% solution of H2PtCl6.6H2O in i-PrOH. These reagents were all manipulated 
in a nitrogen atmosphere. The reaction mixture was stirred at 60 °C for 18 h. After the 
reaction was complete, the contents of the tube were transferred to a 50-mL round-
bottom flask and excess HSi(OMe)3 was distilled off. The above hydrosilylation 
experimental scheme is illustrated in Figure A2-1. (Yitzhak Barness et al.,1999) 
 





Figure A2-1 : Simplified scheme of the hydrosilylation approach of bisacrylamidopyridine[225] 
Experiment was carried out in order to obtain the product as described in experimental 
procedure. The final product which was obtained is a polymer and not possible to 
solubilize in any of the solvents tried even with duplicate experiment conducted.  
However, in order to get some more details, the product was characterized by FT-IR. 
The characteristics peaks in the FT-IR spectrum clearly described the presence of 
reagents (bisamidopyridine, HSi(OMe)3),  catalyst (H2PtCl6) and product. The complexity 
in obtaining the product, led us to synthesize the other similar functional monomer, 2,6 
bis (propyl-trimethoxysilylurelene) pyridine designated as DPS by the following method 




















Optimization of DPS synthesis 
 
DPS was synthesized according to the published article by Fengyi Liu et al., but with 
reagent ratio modified. The procedure was optimized in order to obtain a product with 
high purity.  
Optimization of DPS  (Figure A3-1) synthesis follows. 
                                                                       
 
                          
 
 
Figure A3-1: Sol-gel functional monomer DPS synthesis scheme. 
First, the ratio of the reagents were kept according to the procedure described in 
literature i.e 1:2 (2,6-diaminopyridine : 3-isocyanatopropyltromethoxysilane) and the 
product was characterized by LC-MS (Figure A3-2). It is evidenced from the LC-MS 
(Figure A3-2) that the expected product (DPS) was obtained with the m/z ratio 520.20 
[M+H]+ (Figure A3-3 a) and with the small amount of impurity of mono substituted product 
with  m/z ratio 315.20 (Figure A3-3b). 
Dry  CHCl3 
2,6- Diamino pyridine 
3- isocyanatopropyltromethoxysilane 
(ICPTMS) 
2,6 bis (propyl-trimethoxysilylurelene) pyridine (DPS) 
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Figure A3-2: LC MS of the product DPS (Reagent Ratio 1:2) 
 
 
        
: 
 
Figure A3-3 (a and b): Expected products from DPS synthesis 
 
To avoid the mono substituted impurity in the DPS synthesis the molar ratio of 2,6-
diaminopyridine to 3-isocyanatopropyltromethoxysilane was increased to 1: 2.5, and 
followed the same procedure except in the increasing time of refluxing. The end product 
was characterized by LC-MS (Figure A3-4).  It is observed from the results that the mono 
substituted product was decreased in a considerable amount and the further change in 
the ratio to 1: 4 was tested to know the mono substituted compound level and LC-MS 
spectrum is presented in Figure A3-5. It was observed that there is a much reduction in 
the amount of mono substituted product but at the same time there was the peak 
pgdps_090323091404 #20-24 RT: 0,35-0,41 AV: 5 NL: 6,93E7
T: + p ESI Full ms [ 50,00-1000,00]
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Figure A3-4: LC-MS of DPS (Reagent Ratio 1:2.5) 
 
 
Figure A3-5: LC-MS of DPS (Reagent Ratio 1:4) 
 
Dpsmaii_090417100840 #34 RT: 0,58 AV: 1 NL: 5,46E7
T: + p ESI Full ms [ 50,00-2000,00]
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The change in the reagent ratios from 1:2.5 to 1:4 did reduce the mono substituted 
impurity but produced new impurity of di-substituted product. After careful optimization 
produce the reagent ratio was kept 1:3 in this way we could obtain high purity of DPS. 
The detailed procedure of the above synthesis was explained in detail in experimental 






























The 2:1 complex system : Finding association constants K1 and K2 
 
In the 2 : 1 systems the relationship of stepwise binding constants K1 and K2 and how 
these are related to Kc for a simple (related) 1 : 1 host–guest system is explained and as 
follows. 
 















Taking the 2 : 1 system as an example, we start with an empty ditopic host (G) with two 
identical binding sites with two sides  A and B (Figure A4-1). When the first guest (H) 
binds to this host, it can either bind to side A to form a H1GA0B (the prime 0 indicates 
which site is occupied) complex or to site B to form H1GAB0, with the equilibria described 
by the binding constants K1A and K1B, respectively. When the second H binds to the 
remaining sites in H1GA0B and H1GAB0, the product in both cases is H2GA0B0, described 
by the binding constants K2A and K2B (Figure A4-1).  
 
 
















Figure A4-1: A schematic explaining the microscopic (K1A, K1B, K2A and K2B) association constants involved in the stepwise 
formation of a 2 : 1 complex. 
 
If the binding sites A and B are truly identical we cannot of course distinguish H1GA0B 
and H1GAB0 and hence, determine K1A and K1B (or K2A and K2B) as the physical changes 
analogous for sites A and B in HG are identical. Although the binding constants K1A, K1B, 
K2A and K2B cannot be measured directly they can be related to the overall stepwise 
constants K1 and K2.  
 
Starting with Eq. 6.1, we see that [HG] = [H1GA0B] + [H1GAB0] and hence K1 =K1A+ K1B. 
Likewise, from Eq. 6.2, it is possible to show that K2 = K2AK2B/(K2A + K2B). If the binding 
sites A and B are identical, then it follows immediately that K1A=K1B=K1m and K2A = K2B 
= K2m, with K1m and K2m the first and second microscopic binding constants. Although 
these cannot be measured directly, we can see from the above that K1 = 2K1m and K2 = 
K2m/2. Conceptually, the factor of 2 in these relations can be explained on kinetic 
grounds as there are two ways for G to bind to the empty HAB so that the observed on-
rate (k1) appears twice as fast while there are two ways for the G to come off (k-2) the 
complex H2GA0B0. If we furthermore assume that there is no change in the empty 
remaining site in H1GA0B or H1GAB0 and no specific interaction (e.g. electrostatic) 
between two molecules of G bound to H2GA0B0, then K1m = K2m which describes classical 
non-cooperative binding in a 2 : 1 system. We see now that for such non-cooperative 
binding the stepwise binding constants K1 and K2 are related by Eq. 6.4[231].  
 



























This equation is a special case defining the expected relationship between stepwise 
binding constants in any non-cooperative system, i.e. a system where the binding sites 























MIX-SG-Bu-NAP 2.4 0.0038 3.0 Figure A5-1 
NIX-SG-Bu-NAP ND 0.0013 4.9 Figure A5-1 
MIP-Ac-Bu-NAP 313 0.55 29 Figure A5-2 
NIP-Ac-Bu-NAP 334 0.58 29 Figure A5-2 
 Bare silica (Si-500 )-solid support 45 0.81 40 - 
Spherical 
MIX-PF-S-NAP 54 0.06 3.0 Figure A5-3 
NIX-PF-S-NAP 51 0.06 3.0 Figure A5-3 
MIP-G-S-NAP 62 0.27 29 Figure A5-4 


















Figure A5-1 : Pore size distribution of sol-gel bulk  xerogels for NAP 
MIX-SG-Bu-NAP (Pore Dia. Vs. Pore volume) NIX-SG-Bu-NAP (Pore Dia. Vs. Pore volume) 
 
 





























































































Figure A5-2 : Pore size distribution of acrylic bulk polymers for NAP 
MIP-Ac-Bu-NAP (Pore Dia. Vs. Pore volume) NIP-Ac-Bu-NAP (Pore Dia. Vs. Pore volume) 
  


























































































Figure A5-3 : Pore size distribution of sol-gel spherical composites for NAP 
MIX-PF-S-NAP (Pore Dia. Vs. Pore volume) NIX-PF-S-NAP (Pore Dia. Vs. Pore volume) 
  



























































































Figure A5-4 : Pore size distribution of acrylic spherical composites for NAP 
MIP-G-S-NAP (Pore Dia. Vs. Pore volume) NIP-G-S-NAP (Pore Dia. Vs. Pore volume) 
 
 


































































































MIX-SG-Bu-AGT 13 3.1 0.03 Figure A5-5 
NIX-SG-Bu-AGT ND 3.0 0.002 Figure A5-5 
MIP-Ac-Bu-AGT 207 28 0.18 
Figure A5-6 
NIP-Ac-Bu-AGT 91 33 0.09 Figure A5-6 
 Bare silica (Si-500 )-solid support 45 40 0.81 - 
Spherical 
MIX-PF-S-AGT 72 28 0.49 Figure A5-7 
NIX-PF-S-AGT 75 28 0.41 Figure A5-7 
MIP-G-S-AGT 167 25 0.54 
Figure A5-8 
NIP-G-S-AGT 144 24 0.46 
Figure A5-8 
Annexes 

















Figure A5-5 : Pore size distribution of acrylic spherical composites for AGT 
MIX-SG-Bu-AGT (Pore Dia. Vs. Pore volume) NIX-SG-Bu-AGT (Pore Dia. Vs. Pore volume) 
 
 




























































































Figure A5-6: Pore size distribution of acrylic bulk polymers for AGT 
 
MIP-Ac-Bu-AGT (Pore Dia. Vs. Pore volume) NIP-Ac-Bu-AGT (Pore Dia. Vs. Pore volume) 
  




























































































Figure A5-7: Pore size distribution of sol-gel spherical composites for AGT 
MIX-PF-S-AGT (Pore Dia. Vs. Pore volume) NIX-PF-S-AGT (Pore Dia. Vs. Pore volume) 
  































































































Figure A5-8: Pore size distribution of acrylic spherical composites for AGT 
MIP-G-S-AGT (Pore Dia. Vs. Pore volume) NIP-G-S-AGT (Pore Dia. Vs. Pore volume) 
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